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Abstract

Stroke, the number four cause of death in the United States, is a greatly debilitating event resulting
from insufficient blood supply to the brain (cerebral ischemia). Endothelial dysfunction, primarily
characterized by dampened endothelial- dependent vasodilation, is a major contributor to the
development and outcome of stroke. This review discusses the role of soluble epoxide hydrolase
(seH), an enzyme responsible for the degradation of vasoprotective eicosatrienoic acids (EETS), in
the context of the cerebral vasculature and its contribution to the sexual dimorphic nature of
stroke.
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Stroke is a sexually dimorphic disease

Stroke is a major cause of mortality and morbidity worldwide. According to the American
Stroke Association, stroke is the number four cause of death with approximately 795 000
individuals suffering a stroke each year in the United States alone [1]. Studies have shown
that premenopausal women are at a lower risk of stroke compared to men of the same age.
However, the incidence of stroke in women increases rapidly following the onset menopause
[2,3]. While the mechanism of this apparent sexual dimorphism and these changes in stroke
risk in women following menopause is not fully understood, sex hormones are thought to
play an important role. Estrogen, in particular, has been shown to have vasoprotective
properties, promoting vasodilation, and as such is thought to be a major mechanism
contributing to the protection from stroke enjoyed by premenopausal women [4, 5]. The
effects of estrogen on cerebral infarct have been summarized in Table 1.

Utilizing rodent models, multiple groups have been able to demonstrate that sex differences
exist in the response to experimentally- induced ischemic injury in the brain. These sex
differences manifest both in terms of infarct volume, and also in more subtle readouts such
as differences in cerebral blood flow. Early experiments using gerbils showed that females
are less vulnerable to severe neurological sequelae following unilateral common carotid
artery ligation than males [6]. Later studies, also carried out carried out in gerbils, showed
that female survival 24 hours following unilateral carotid artery occlusion was significantly
higher than in males, with males displaying more histological damage than females [7]. This
was verified in a rat model which demonstrated that female rats sustain smaller cortical and
striatal infarct volumes following middle cerebral artery occlusion (MCAOQO) compared to

Correspondence to Nabil J. Alkayed, alkayedn@ohsu.edu Tel: 503.418.5502 FAX: 503.494.3092.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Davis et al.

Page 2

their age-matched male counterparts. This sex difference was attributed to endogenous
estrogen as female ovariectomy, which equalized plasma estrogen levels between males and
females, abolished this observed sex difference [8]. Differences in cerebral blood flow were
also noted in this study. Following the ischemic insult, cerebral blood flow as measured by
laser-Doppler flowmetry, was higher in females than males. This phenomenon was also
abolished by ovariectomy. There was a strong correlation between blood flow and ischemic
damage, however the sex difference in stroke outcome was attributed to the ability of
estrogen to act both as a neuroprotectant and maintain increased blood flow.

Although many factors have been shown to contribute to this sex difference downstream of
estrogen [4], this review will focus on the enzyme soluble epoxide hydrolase (SEH). Its
broad role in stroke will be discussed as well as its sexually dimorphic effects on cell
survival and blood flow regulation with particular emphasis on the cerebral vasculature.

Soluble epoxide hydrolase and eicosatrienoic acids

Soluble epoxide hydrolase (SEH), the product of the EPHX2 gene, is a cytosolic enzyme
responsible for the metabolism, and thus termination of action, of epoxyeicosatrienoic acids
(EETS) [9, 10]. EETSs are epoxide derivates of arachidonic acid, formed by cytochrome P450
epoxygenases; there are four regioisomers of EETSs, which correspond to the double bond
positions in their parent molecule: 5,6-EET, 8,9-EET, 11,12-EET and 14,15-EET [11].
While the hydrolase activity of SEH is mainly responsible for the hydration of EETs into
their corresponding dihydroxyeicosatrienoic acids (DHETS), in vitro studies have shown that
beta- oxidation and chain elongation also contribute to the metabolism of EETs [12].

EETs have multiple cellular actions and are involved in many signaling pathways, and have
been the subject of many reviews [13, 14, 15, 16]. Among the important biological functions
that EETs perform, they have been shown to be potent vasodilators, and as such have been
suggested to be an endothelium- derived hyperpolarizing factor (EDHF) [17, 18, 19].
Importantly for the study of stroke, they have also been shown to provide protection from
ischemic injury, both in the heart and in the brain [20, 21, 22, 23]. In cell culture models,
they have been shown to be protective to endothelial cells following both serum deprivation-
and staurosporine- induced apoptosis in pulmonary and coronary derived cell lines [24], as
well as being involved in the protective effect of hypoxic preconditioning in brain astrocytes
[25].

sEH is widely distributed throughout the body; it is present in the liver, kidney, blood
vessels and intestinal tissues. Of relevance to the study of the role of sEH in cerebral
ischemia, it has been shown to be expressed in multiple cell types in the brain, where is it
localized to both vascular and non-vascular compartments. Within the vasculature, it is
present in both endothelial cells and in the vascular smooth muscle [26,27], consistent with
its role in regulating the availability of vasodilatory EETS levels in the cerebral vasculature.
In the cortical surface vasculature, SEH is highly expressed in the perivascular vasodilator
nerve fibers which innervate the pial arteries [28]; it is thought that the function of sEH
expression in this region is the neurogenic control of cerebral vasculature. We have also
previously shown sEH to be highly expressed in neuronal cell bodies and processes; its
expression in these cells may play a role in protection of the brain via non- vascular methods
as demonstrated by studies using cultured neurons exposed to ischemic conditions [29,30].
SEH is also expressed in the glial cells of the brain [31].

Role of soluble epoxide hydrolase in blood flow and tissue injury

As already mentioned, EETS are potent vasodilators and potentiate endothelium-dependent
dilation; it therefore follows that hydrolysis of EETs to DHET by sEH will diminish the
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vasodilator potential of EETs [32, 33]. This has been demonstrated in spontaneously
hypertensive rats (SHR). Consistent with higher SEH expression in the SHRs, they exhibit
increased EET hydrolysis compared to normotensive rats. Treatment of the rats with a
selective sEH inhibitor (N,N'-dicyclohexylurea) decreases blood pressure of the SHR [34],
demonstrating that manipulating sEH levels is successful in regulating blood pressure.

There have been numerous studies in the heart demonstrating a beneficial role of decreased
SEH expression or activity following ischemia. Using isolated hearts from sEH-null mice,
Seubert et al., [35] showed that functional recovery was improved following global ischemia
and that infarct volumes were smaller compared to wild-type mice. Furthermore, perfusion
with the 14,15-EET antagonist, 14,15-epoxyeicosa-5(Z)-enoic acid (EEZE), prior to
ischemia abolished this cardioprotective phenotype observed in the SEH-null mice,
indicating that SEH-null mice are protected due to increased EET availability as a result of
lack of their metabolism by sEH. Similar results were reported by Motoki et al. [36]
following transient left coronary artery occlusion using a pharmacological inhibitor of SEH,
12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester (AUDA-BE). Wild type mice
treated with AUDA-BE sustained milder injury, an effect that was abolished on
administration of EEZE.

In the brain, we have also shown protection following ischemia after inhibition of SEH.
Infusion of the sEH inhibitor AUDA-BE resulted in a reduced infarct volume following
transient middle cerebral artery occlusion (MCAO) in mice [29]. This protection was
prevented by a P450 epoxygenase inhibitor, N-methylsulfonyl-6-(2-
propargyloxyphenyl)hexanamide (MS-PPOH), which would therefore inhibit the formation
of EETSs. The protection observed by sEH inhibition was therefore, as in the heart, linked to
increased EET levels. Further studies on the brain using sEH- null mice confirmed the effect
seen with pharmacological inhibition of sEH. sEH- null mice displayed reduced infarct size
compared to wild- type. These mice have been shown to have higher 14,15-EET levels in
the blood; this protection was therefore attributed to the reduced metabolism of circulating
EETs [37, 38].

While EETSs are established vasodilators, it is difficult to determine the mechanism of the
protective effect of SEH inhibition in vivo. The above study using AUDA-BE in the brain
found that cerebral blood flow (CBF) during occlusion was not altered between the inhibitor
and control groups [29]. This may indicate that the reduced infarct volume observed may be
due to a non-vascular mechanism. However, this does not rule out that SEH inhibition may
have improved blood flow during the reperfusion period. In fact the protection enjoyed by
the sEH- null mice was attributed to an increased vasodilator capacity in response to MCAO
[37]. It is likely therefore that both vascular and non-vascular mechanisms contribute to the
deleterious effect of SEH on outcome following ischemia.

In vitro studies have allowed us to demonstrate that SEH inhibition is also protective via
flow-independent cytoprotective modes. Cultured cortical neurons transduced with an sEH
variant, carrying the Arg287GIn mutation resulting in decreased hydrolase activity, was
found to be protective against ischemia- induced cell death [30]. As this was carried out in
cultured neurons, this protection against ischemia is independent of any vascular
mechanisms and therefore demonstrates a cytoprotective role. This neuroprotective role of
impaired SEH activity has been further verified by in vivo studies using spontaneously
hypertensive stroke- prone (SHRSP) and normotensive Wistar Kyoto (WKY) rats
chronically treated with the sEH inhibitor AUDA and subjected to MCAO. Simpkins et al.
[39] demonstrated, by microarray, that SEH inhibition modulates gene expression of
mediators of apoptosis, with up-regulation of anti-apoptotic mediators and down-regulation
of pro-apoptotic mediators in WKY and SHRSP rats respectively. They did however also
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observe a vascular mechanism of protection in SHRSP rats. These demonstrated vascular
remodeling, including increased microvessel density, which likely contributed to the
reduced infarct volume following MCAO despite a lack in blood pressure reduction.

All of the above studies demonstrate that SEH inhibition or knock-down in animal models is
protective against experimental cerebral ischemia, both by vascular and non-vascular
mechanisms. Interestingly, polymorphisms identified in the human population have been
shown to lead to altered, either increased or decreased, risk of stroke depending on the
nature of the variation in the SEH gene [40, 41, 42]. Unsurprisingly therefore, SEH
modulation has been identified as a therapeutic target for the treatment of ischemic stroke
[39, 43, 44].

Vascular actions of soluble epoxide hydrolase

As already mentioned, EETSs are potent vasodilators and are involved in endothelium-
dependent responses of the vasculature; those produced by the vascular endothelium
function as an EDHF [13, 19]. Much work on the vasoactive properties of SEH and EETs
has been carried out in the coronary vasculature. Early studies showed that EETs and
DHETSs are incorporated into the phospholipids of aortic endothelial cells [45]. Treatment of
coronary arteries with the epoxide hydrolase inhibitor 4-phenylchalcone oxide (4-PCO) has
been shown to enhance 14,15-EET potentiation of bradykinin- induced relaxation; this was
linked to EET incorporation into cell lipids [32]. It was therefore thought that epoxide
hydrolases play a role in regulating EET incorporation into phospholipids, thus modulating
endothelial function. In fact, 4-PCO was shown to block EET conversion to their
corresponding DHETS and enhanced EET incorporation into cell lipids [33]. This was
confirmed using a selective inhibitor of sEH, N,N’-dicyclohexylurea (DCU), which also
decreased EET metabolism to DHET and enhanced 14,15-EET incorporation into
endothelial lipids in culture [12].

Endothelial dysfunction (ED) manifests as impaired endothelium- dependent vasorelaxation
to stimuli such as acetylcholine (ACh) or shear stress and plays a role in the pathogenesis of
diseases such as hypertension and type Il diabetes. The effect of SEH inhibition on
endothelial function has been investigated in diabetic db/db mice, diet induced obese mice
and angiotensin I1- induced hypertensive rats, animal models of cardiometabolic diseases in
which ED is present [46]. Zhang et al. [46] found that inhibition of sEH, using 1-(1-acetyl-
piperidine-4-yl)-3-adamantan-1-yl-urea (AR9281), improved the impaired response of
mesenteric arteries to application of ACh in diabetic mice. No effect was observed on the
endothelium- independent, sodium nitroprusside- induced, vasorelaxation. A similar
phenomenon was observed in the obese mice in which impaired endothelium- dependent
vasorelaxation in mesenteric arteries and in the aorta was restored. In the hypertensive rats,
inhibition of sEH also restored aortic endothelium-dependent relaxation to naive levels.
EETSs have been shown to modulate vascular function in diabetic and obese rodents, and as
such, these beneficial effects of SEH inhibition were attributed to increasing the
concentration of EETSs [47, 48, 49]. This study also demonstrated that, in the diabetic mice,
this effect of SEH inhibition was evident even in the presence of nitric oxide and
prostacyclin inhibitors (L-NAME and indomethacin), therefore suggesting that this an
augmentation of an EDHF response in the mesentery.

Soluble epoxide hydrolase is a sexually dimorphic enzyme

SEH has been shown to be a sexually dimorphic enzyme, as summarized in Table 2, with
higher expression levels observed in the liver and kidneys of male than female mice [50,
51]. The phenotype for male mice lacking the sEH gene, EPHX2, is therefore more
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pronounced than in females. The null mutation results in decreased blood pressure in males
compared to their wild-type counterparts. Whereas in females, disruption of the gene exerts
a minimal effect on blood pressure, consistent with lower basal levels of SEH in females
than males [50]. The beneficial effects of SEH inhibition in rodent models of vascular
disease discussed in the previous paragraph were all observed in male mice [46].

In the rodent brain, global SEH levels have also been shown to be sexually dimorphic [52],
leading to differing responses to ischemic conditions, both in vivo and in vitro, between the
two sexes. Female brains have a lower expression of SEH and thus decreased DHET but
increased circulating EETs levels compared to males [52], as depicted in Figure 1. The
protection afforded to females following ischemic insult discussed earlier has been attributed
to these differences in SEH expression between the sexes. We have previously shown that
cerebral blood flow during occlusion is higher in females than males and that females
sustain smaller infarct volumes following MCAO [8, 52]. This sex difference is abolished in
mice with targeted deletion of SEH, in which male infarct volume is reduced to female levels
[52]. No protection is evident in sEH- null female mice compared to wild- type, presumably
because sEH levels are already low in females. Similarly, laser-Doppler perfusion of sEH-
null males increases to female levels, with no observable effect of the lack of SEH on female
perfusion levels. While the differences in blood flow may account for the vascular effect of
SEH on ischemic outcome, we have also observed that cultured male neurons, which have
increased sEH expression than females, display increased cell death in response to ischemia
indicating that non-vascular mechanisms may also contribute to the sex differences in infarct
volume in vivo [53]. These studies therefore suggest that the difference in SEH expression
between males and females, is a mechanism involved in the sex- linked differences in
outcome following cerebral ischemia.

Estrogen has been shown to regulate the expression of sEH, therefore contributing to its role
in the sexual dimorphism observed following cerebral ischemia between males and females.
Brain tissue from ovariectomized (OVX) rats has increased sEH protein levels compared to
tissue taken from OV X rats with estrogen replacement, indicating that estrogen suppresses
the expression of SEH [54]. In vivo studies show that following OV X, infarct volume after
MCADO is increased to levels similar to those observed in males; OV X therefore effectively
abolishes the protection enjoyed by females following cerebral ischemia presumably by
increasing sEH levels [52]. Furthermore, the reverse phenomenon is observed in SEH- null
mice in which infarct volume is comparable between males, intact females and OV X
females; the lack of sEH not only reduces male infarct volume to female levels, but also
reduces infarct in females following OV X to levels observed in intact females. Also, OVX
decreases laser-Doppler flow levels to those observed in males; deletion of SEH reverses this
effect to levels comparable to those in intact females. Estrogen therefore regulates SEH
expression and is involved in the SEH-mediated sex differences following cerebral ischemic
injury.

SEH expression, as well as being sexually dimorphic in whole brain extracts and cultured
neurons, has been shown to be more robustly expressed in male than female cerebral
vessels, also EPHX2 mRNA expression is higher in male than female cerebrovascular
endothelial cells [43, 55]. Together with the effects of SEH and gender on cerebral blood
flow during MCAO, these observations have sparked research into the role of SEH in
vascular endothelial cells, both in vitro and in vivo, with the development of a transgenic
mouse model with forced human sEH expression exclusively in endothelial cells, driven by
the Tie2 promoter (Tie2-sEH) [56].

Surprisingly, in the heart, Edin and colleagues found that mice carrying the Tie2-sEH
transgene sustained similar infarct volumes and left ventricular developed pressure (L\VVDP)
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following ischemia than wild-type controls in an isolated heart model [56]. However, these
studies were carried out only in male mice and, as mentioned, male endothelial cells already
express high levels of sEH. It would be interesting to ascertain whether the Tie2-sEH
transgene would result in increased cardiac infarct size in female mice following ischemia-
reperfusion injury. Using these same mice we have observed increased DHET plasma levels
compared to wild-type (unpublished observations). In males, the Tie2-sEH mice also exhibit
impaired endothelium- dependent increases in cerebral blood flow, but no observable
difference was seen in infarct size following MCAO. Interestingly however, the presence of
the Tie2-sEH transgene was detrimental to female mice following MCAO compared to
wild-type, who exhibited significant increases in infarct volume in the caudate putamen
(unpublished observations). Over-expression of SEH is therefore detrimental to females but
not males following ischemic insult, this is the reverse of what is observed in the global
SEH-null mice. A possible explanation for this is that the high levels of SEH in male
endothelial cells already reach a threshold for the harmful effects on infarct following
ischemia, whereas the lower sEH expression in females falls below this threshold, and so
females are susceptible to increased damage with the increased sEH expression of the Tie2-
SEH mice. These studies suggest that endothelial SEH, and thus EETS, are involved in the
gender- specific response to ischemia.

Evidence generated in vitro using endothelial cultures supports this notion. Aortic- derived
endothelial cells over-expressing the cytochrome P450 enzyme CYP2J2, which is involved
in the generation of EETs from arachidonic acid, protects against hypoxic injury in vitro
[57], demonstrating a cytoprotective effect of EETs on endothelial cell survival following
ischemic insult. Brain endothelial cells also exhibit the sex difference in cell survival in
response to ischemia. Female brain endothelial cells sustain a milder injury following anoxia
and reperfusion than male cells in vitro, as measured by propidium iodide and cleaved
caspase-3 labeling [55]. This has been attributed to the increased expression of EPHX2
mRNA, which encodes sEH, in males compared to females, corresponding to decreased
EETs levels in males than females. To confirm the involvement of SEH, its inhibition in
cultures using trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB)
abolished the observed sex difference in endothelial cell death [55]. The function of EETS is
therefore two-fold in the endothelium; they are involved in endothelium-dependent
functions such as vasodilation, as well as being implicated in endothelial survival via
cytoprotective mechanisms.

Premenopausal women are at lower risk of stroke than men of the same age. Rodent models
demonstrate that sex differences are also present in outcome to experimentally-induced
ischemia, with female gender being protective in terms of both infarct volume and
preservation of blood flow. The sexually dimorphic nature of the enzyme sEH, and its
influence on EETSs levels, contributes to this sex difference. Experiments on ovariectomized
and intact female rodents show that estrogen suppresses SEH expression, thereby increasing
EETs levels. In vivo and in vitro studies indicate that increased sEH is detrimental to males
via both vascular and non-vascular mechanisms. Regarding vascular mechanisms, inhibition
of sEH alleviates endothelial dysfunction, as measured by improvement in endothelium-
dependent vasodilation. SEH in the endothelial lining of cerebral vessels appears to be
involved in endothelial- dependent vasodilation. Endothelial specific over-expression of
SEH results in increased infarct volume in females but not in males /n vivo, while inhibition
of sSEH in vitro abolishes the sex difference observed in endothelial cell death following
ischemic insult. Endothelial SEH, and its effect on vessel integrity and function, therefore
appears to be an important factor in the observed sex difference in outcome following
cerebral ischemia, offering an attractive avenue for clinical intervention of stroke.
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Sexual dimorphism of sEH expression and effect on outcome following infarct.

Cell Type/ Model Species

Sex Difference Observed

Reference

Cortical Neurons Mouse, rat

Brain Endothelial Cells  Mouse

Cerebral Vessels Mouse
Whole Kidney Mouse
Whole Liver Mouse
WholeBrain Mouse
Whole Brain Rat

Whole Brain/ MCAO Mouse

Whole Brain/ MCAO Mouse

1 sEH expression and EPHX2 mRNA in WT male

 EPHX2 mRNA in WT male, ¥ EETs levels in WT
male compared with WT female; males with 1 cell
death after in vitro ischemia; sex differences abolished
with pharmacological inhibition of SEH

1 sEH expression and EPHX2 mRNA in WT male

T sEH expression in WT male

1 sEH expression in WT male

1 sEH expression in WT male, T EETs quantity in WT
Female

Estradiol reduces basal and post-ischemic levels of SEH

SEH-null males protected after MCAO (with infarct size
similar to WT females), no additional protection
observed in sEH-null females

Tie2-sEH overexpression leads to 1 infarct size in
females, but no infarct size difference in males

Fairbanks SL, Young JM, Nelson JW,
Davis CM, Koerner IP, & Alkayed NJ
(2012)

Gupta NC, Davis CM, Nelson JW, Young
JM, & Alkayed NJ (2012)

Zhang W, Iliff JJ, Campbell CJ, Wang
RK, Hurn PD, & Alkayed NJ (2009)

Chanas B, Wang H, & Ghanayem BI
(2003) Sinal CJ, Miyata M, Tohkin M,
Nagata K, Bend JR, & Gonzalez FJ
(2000)

Chanas B, Wang H, & Ghanayem BI
(2003)

Zhang W, 1liff JJ, Campbell CJ, Wang
RK, Hurn PD, & Alkayed NJ (2009)

Koerner IP, Zhang W, Cheng J, Parker S,
Hurn PD, & Alkayed NJ (2008)

Zhang W, 1liff JJ, Campbell CJ, Wang
RK, Hurn PD, & Alkayed NJ (2009)

Zhang, et al. (in review)

Abbreviations: sEH: soluble epoxide hydrolase; EPHX2: gene encoding sEH; WT: wild-type; EETSs: epoxyeicosatrienoic acids; MCAO: middle

cerebral artery occlusion.
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