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Abstract

Cytochrome P450 eicosanoids play important roles in brain function and disease through their
complementary actions on cell-cell communications within the neurovascular unit (NVU) and
mechanisms of brain injury. Epoxy- and hydroxyeicosanoids, respectively formed by cytochrome
P450 epoxygenases and w-hydroxylases, play opposing roles in cerebrovascular function and in
pathological processes underlying neural injury, including ischemia, neuroinflammation and
oxidative injury. P450 eicosanoids also contribute to cerebrovascular disease risk factors, including
hypertension and diabetes. We summarize studies investigating the roles P450 eicosanoids in
cerebrovascular physiology and disease to highlight the existing balance between these important
lipid signaling molecules, as well as their roles in maintaining neurovascular homeostasis and in
acute and chronic neurovascular and neurodegenerative disorders.
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Introduction

Cytochrome P450 enzymes (P450) catalyze the metabolism of a wide range of substrates
including endogenous compounds to form important signaling molecules. Arachidonic acid
(AA), which is highly enriched in the phospholipid of brain cell membranes, is metabolized
to epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETES) by
specialized P450 enzymes collectively called epoxygenases and w-hydroxylases,
respectively (Nelson et al., 1996; Nebert and Russell, 2002). These two classes of P450
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eicosanoids play important roles in the regulation of the cerebral microcirculation,
neurovascular communication, neuroinflammation and neural injury and survival. Epoxy-
and hydroxyeicosanoids often play opposing roles in health and disease. Maintaining a
balance between the two is essential for optimal neurovascular health, whereas an imbalance
predisposes to cerebrovascular disorders and exacerbates cerebrovascular injury.

P450 synthesis and metabolism

It was first reported in the liver in 1981 that AA can be metabolized by cytochrome P450
enzymes (Capdevila et al., 1981). However, the first evidence of a physiological role for
EETs was provided a couple of years later when EETs were shown to be endogenous
constituents of the rat brain involved in the release of peptide hormones from the
hypothalamus (Capdevila et al., 1983; Junier et al., 1990). Since then a wealth of studies
have demonstrated that P450 enzymes convert AA to EETs and HETESs (19- & 20-HETE) in
multiple organs, including brain, where they play important physiological and
pathophysiological roles.

Cellular membranes of the brain are rich in polyunsaturated fatty acids (PUFAS), particularly
AA which is bound in an esterified form to phospholipids. It can be liberated by a variety of
physiological and pathological stimuli activating phospholipase A2 (PLA2). Free AA is
subsequently metabolized by LOX, COX and P450 enzymes to a number of biologically
active metabolites collectively termed eicosanoids. Of the P450 enzymes, epoxygenases
catalyze the formation of EETSs by the addition of an epoxide moiety to AA, and w-
hydroxylases produce HETEs by the addition of a hydroxyl group (Roman, 2002). These
two classes of AA metabolites, EETs and HETES, and their roles in cerebrovascular
physiology and disease will be discussed below.

The action of P450 enzymes on AA results in the generation of 4 regio-isomers of EETSs:
5,6-, 8,9-, 11,12- and 14,15-EET and 2 regioisomers of HETESs: 19- and 20-HETE,
determined by which of the 4 double bonds in the chemical structure is replaced by the
epoxide or hydroxyl group; these are depicted in FIG 1. Studies using purified/recombinant
cytochrome P450 enzymes from different organ systems have demonstrated that multiple
P450 isoforms can metabolize AA to EETs and HETES (for a list of isoforms identified in
the brain thus far, see Table 1). The specific regioisomers of EETs formed by P450 enzymes
are P450 isoform-specific; for example, CYP2C9 forms 14,15-, 11,12- and 8,9-EET in a
2.3:1:0.5 ratio, whereas CYP2C8 produces 14,15- and 11,12-EET in relatively equal
amounts, in a 1.25:1 ratio, with no 8,9-EET (Daikh et al., 1994; Zeldin et al., 1995). While
the majority of P450 enzymes are highly expressed in the liver, the mouse CYP2J subfamily
is largely expressed outside of the liver, with CypZ2j8, CypZj9and CypZj12 predominantly in
the brain (Graves et al., 2015).

The biological activity of EETSs is terminated via multiple pathways including beta-
oxidation, binding to fatty acid binding protein (FABP) and incorporation into membrane
phospholipids (Zeldin, 2001). However, EETSs levels and activity are primarily regulated by
hydrolysis to their corresponding less active vicinal diols, dihydroxyeicosatrienoic acids
(DHETS); a process catalyzed by soluble epoxide hydrolase (SEH, initially referred to as
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cytosolic epoxide hydrolase). The metabolism of EETs by sEH is highly regiospecific;
14,15-EET is the preferred substrate, which is converted to 14,15-DHET. Because SEH has a
preference for epoxides distal to the carboxyl terminal, the resulting order of substrate
preference for hydrolysis is 14,15- > 11,12- > 8,9- > 5,6-EET, with 5,6-EET being a poor
substrate for the enzyme (Newman et al., 2005; Chacos et al., 1983; Zeldin et al., 1993).
Incorporation of EETs into membrane phospholipids is also regiospecific, however with a
different substrate specificity than SEH. Shivachar et al. reported that EETSs are incorporated
into astroglial phospholipids, including phospatidylcholine, phosphatidylinositol and
phosphatidylethanolamine. In this paradigm 8,9-EETSs, as well as arachidonic acid, exhibited
higher incorporation rates than 14,15-EET (Shivachar et al., 1995).

Distribution of P450 eicosanoids and their synthetic enzymes in the brain

Both EETs- and HETEs-generating enzymes are widely distributed in the brain, located in
both vascular and non-vascular compartments. Their pattern of distribution, and that of
EETs-metabolizing SEH, is reflective of their physiological roles as discussed below, with
some cells predominately generating EETs or HETES and other cells responding to and
metabolizing them.

Both EETs and EETs-synthetic enzymes are present in multiple cell types throughout the
brain. In rat brain astrocytes, which express the synthetic enzyme CYP2C11, the
predominant EETSs regioisomer produced is 14,15-EET (Alkayed et al., 1996a). Although it
was known that brain endothelial cells (ECs) have endogenous epoxygenase activity, the
specific regioisomers had not previously been reported. We show here by LC-MS/MS the
presence of 8,9-, 11,12- and 14,15-EET in primary mouse brain microvascular endothelial
cultures (FIG 2). Interestingly, in the rat hippocampus and middle cerebral artery, CYP2C11
MRNA expression was found to be rhythmically expressed (Carver et al., 2014), peaking in
the morning in both tissues, which may be related to the physiological function of EETs in
regulating cerebral blood flow (CBF). Transcript and protein of CYP2C11, CYP2J3 and
CYP2J4 have been detected in both sensory and parasympathetic nerve fibers, while 14,15-
EET is present in neuronal cultures (Iliff et al., 2009b; Iiff et al., 2007; Fairbanks et al.,
2012).

Multiple members of the CYP4 family, which have hydroxylase activity, have been shown to
be expressed in brain homogenates, brain sections, the basilar and middle cerebral arteries,
cerebral microvessels, as well as in astrocytes, endothelial cells, vascular smooth muscle
cells and neurons. All of these cells types therefore have the necessary machinery to produce
19- and 20-HETE (Alonso-Galicia et al., 1999; Bylund et al., 2002; Al-Anizy et al., 2006;
Gebremedhin et al., 1998; 2000; 2016; Carver et al., 2014, Dunn et al., 2008; Zhu et al.,
2015; Zhang et al., 2017c). 20-HETE, but not 19-HETE have been detected in vascular
smooth muscle cells, and more recently astrocytes and neurons (Gebremedhin et al., 1998;
2008; 2016; Zhang et al., 2017c). 20-HETE has also been reported to be produced in
cerebral microvessels and arteries, although the specific cell type was not identified
(Gebremedhin et al., 1998; Dunn et al., 2008).
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In addition to EETs-synthetic machinery, the enzyme responsible for inactivation of EETS,
SEH, is also expressed in multiple cells types throughout the brain. Within the cerebral
vasculature, sEH is found in both endothelial and vascular smooth muscle cells (Sura et al.,
2008; Enayetallah et al., 2004), and is also highly expressed in astrocytes (Marowsky et al.,
2009), a component of the neurovascular unit. We have also shown sEH expression in
neuronal cell bodies and processes (Koerner et al., 2007; Zhang et al., 2007) as well as
perivascular vasodilator nerve fibers innervating pial arteries in cortical surface vessels (lliff
et al., 2007). Brain sEH expression is sexually dimorphic with higher expression in male
than female brain, corresponding with higher plasma 14,15-DHET in males (Zhang et al.,
2009).

The biological actions of EETs and HETESs in multiple organs have been widely investigated
(Imig, 2012; Spector et al., 2004; Imig, 2013). Here, the roles of these eicosanoids will be
discussed only in the cerebral circulation, including discussion of cell culture studies, which
will only describe work carried out on brain-derived cells.

Cellular actions of eicosanoids in the brain; a summary of in vitro studies

Astrocytes

Astrocytes are the most abundant glial cell type in the CNS, making up over 50% of the cell
mass of the brain; they provide both metabolic and structural support to neurons, and are
therefore critical for normal neuronal activity. Astrocytes possess the machinery necessary to
produce EETs, and multiple EET regioisomers have been identified in this cell type,
including 5,6- 11,12- and 14,15-EET (Amruthesh et al., 1993; Alkayed et al., 1996a). The
release of AA from membrane-bound pools occurs upon astrocyte stimulation with
glutamate, an excitatory neurotransmitter, thus providing a substrate for P450 enzymes to act
upon. In addition to increased release of AA, glutamate also upregulates CYP2C11 levels,
increasing endogenous EETs formation, an event blocked by pharmacological P450
epoxygenase inhibitor miconazole (Alkayed et al., 1996b; Stella et al., 1994; Alkayed et al.,
1997). In addition to EETS, 5,6-, 8,9- and 14,15-DHET have also been identified in astrocyte
cultures, formation of the latter being inhibited upon treatment with 4-phenylchalcone oxide
(4-PCO), an sEH inhibitor (Amruthesh et al., 1993). As already discussed, the metabolism
of EETs is regiospecific, with 14,15-EET being the preferred substrate of SEH and thus
rapidly metabolized (Zeldin et al., 1993). This results in lower astroglial membrane
incorporation of 14,15-EET compared to 8,9-EET, with increased 14,15-EET incorporation
occurring upon sEH inhibition, in a protein kinase C (PKC)-dependent manner (Shivachar et
al., 1995).

As well as being produced by astrocytes, EETs also exert biological actions on astrocytes.
Application of a synthetic EET analogue, 11-nonyloxy-undec-8(Z)-enoic acid (NUD-GA) to
rat astrocytes results in elevated intracellular CaZ* levels, with increased Ca2*-dependent
outward K* currents (Higashimori et al., 2010). These currents are significantly attenuated
by inhibitors of BK channels, small conductance Ca?*-activated K* channels, and also by
inhibition of glutamate receptors, indicating involvement of all three in this phenomenon.
Furthermore, blockade of the formation of endogenous EETs reduces metabotropic
glutamate receptor (mGIuR)-induced outward K* currents, demonstrating the ability of
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EETs to act in an autocrine fashion. Therefore data obtained with both endogenous and
exogenous EETs suggests that EETs are modulators of BK and small conductance Ca2*-
activated K* channels, contributing to glutamate-induced signaling; this is of relevance to
neurovascular coupling, discussed below.

EETs are protective to astrocytes in the face of ischemic insults. Exogenously applied EETs
reduce astrocytic cell death induced by oxygen glucose deprivation (OGD) in a dose-
dependent manner, with no apparent difference among regioisomers (Liu et al., 2005; Li et
al., 2012; Yuan et al., 2016). Astrocytes transfected with Cyp2J2 are protected against OGD,
a result inhibited by an inhibitory analogue of EETSs, 14,15-EEZE, indicating that the cells
are protected by increased EETSs generation (Li et al., 2012). However, although EETs are
protective, the release of endogenous EETS is significantly reduced by OGD. This decrease
can be blocked by sEH inhibition (Zhang et al., 2017), indicating that increased sEH activity
may be responsible for decreased EETS release and increased cell death following OGD.
Indeed, astrocyte viability following OGD is increased upon treatment with sEH inhibitor,
12-(3-adamantan-1-yl-ureido) dodecanoic acid (AUDA,; Yuan et al, 2016).

Studies have suggested that the protective effect of 14,15-EET is in part mediated via
production and release of brain derived neurotrophic factor (BDNF) from astrocytes acting
in an autocrine manner via TrkB receptors, a novel, non-classical mode of BDNF regulation
(Begni et al., 2017; Yuan et al., 2016). Treatment with 14,15-EET increases transcript and
protein levels of BDNF after OGD, as well as its release into culture medium.
Phosphorylation of both TrkB receptors and downstream Erk1/2 is increased by 14, 15-EET,
blockade of which inhibits the protective effect of 14,15-EET after OGD. Other studies have
indicated that the mechanism of EETs-mediated protection against OGD-induced cell death
is PI3K-dependent (Li et al., 2012), with inhibition of PI3K abolishing the observed
protection. Addition of exogenous EETS to astrocytes under OGD conditions increases PI3K
activity and phosphorylation of Akt. OGD-induced suppression of anti-apoptotic Bcl-xI and
Bcl-2 and upregulation of pro-apoptotic Bax are blocked by exogenous EETs and CYP2J2
overexpression, an effect linked to PI3K activation, suggesting that the PI3K/Akt pathway is
involved in mediating the anti-apoptotic effects of EETs (Li et al., 2012). The PI3K/Akt
signaling pathway is a parallel pathway to Erk1/2, with both factors potentially activated by
BDNF, although these pathways have not yet been linked to 14,15-EET-mediated
cytoprotection (Mitre et al., 2017).

A less severe insult, hypoxia, increases both CYP2C11 expression and EETs levels in
astrocytes, in contrast to the decrease observed after OGD. Increased EETS results in
increased activation of large-conductance Ca2*-activated K* channels (Kcg), which is
blocked by inhibition of P450 epoxygenanse activity using miconazole or N-
(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide (MS-PPOH), demonstrating a role
for EETs in mediating the response of astrocytic K¢, channel currents to hypoxia (Yamaura
et al., 2006; Liu et al., 2005), which may play a significant role in changes in blood flow
observed during hypoxia, as discussed later. Brief hypoxia is also protective to astrocytes by
acting as a preconditioning stimulus, reducing OGD-induced cell death via increased EETs
production, an effect blocked by treatment with MS-PPOH (Liu et al., 2005). Hypoxic
preconditioning induces tolerance in astrocytes in part by increasing hypoxia inducible
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factor (HIF-1a.), binds to a HIF-response element in the CYP2C11 promoter to increase its
expression and EETSs generation (Liu et al., 2005).

In addition to initiating protective autocrine signaling in astrocytes, 14,15-EET is also
involved in paracrine signaling between astrocytes and neurons. Inhibition of SEH in
astrocyte cultures, thus preventing the decrease in EETS, increases VEGF release from
astrocytes into culture medium; this conditioned medium reduces cell death in neurons after
both OGD and hydrogen peroxide-induced oxidative stress (Zhang et al., 2017a; Terashvili
etal., 2012). Exogenously applied 14,15-EET is also protective against hydrogen peroxide-
induced cell death in a dopaminergic neuronal cell line. Furthermore, treating astrocyte-
neuronal co-cultures with sEH inhibitor, AUDA, increased cell viability, indicating
generation of endogenous EETS that are protective against cell death, while treatment with
miconazole, which inhibits EETs synthesis, increased cell death. Astrocyte-conditioned
medium protects neurons, an effect enhanced by treating neurons with conditioned medium
from astrocytes incubated with AUDA, indicating that endogenous EETS are released into
culture medium by astrocytes, an effect that is enhanced by AUDA (Terashvili et al., 2012).
Additionally, astrocyte-derived BDNF is protective to OGD-stimulated neurons, an effect
that is inhibited by pharmacological inhibition of TrkB receptors (Yuan et al., 2016),
indicating that EETs-stimulated BDNF is protective to both astrocytes and neurons.

In addition to EETs-synthetic enzymes, cultured rat brain astrocytes also express Cyp4a2/3
w-hydroxylase mMRNA and CYP4A protein. When incubated with AA astrocytes produce
20-HETE, which is released into culture medium, this is also enhanced upon stimulation of
mGIuRs. Application of exogenous 20-HETE attenuates, while pharmacological inhibition
of 20-HETE synthesis using HET0016 increases, the open state probabilities of calcium-
dependent potassium channel (Kc,; 71 pS and 161 pS) single-channel ion currents
(Gebremedhin et al., 2016). Upon glutamatergic stimulation astrocytes are therefore able to
release both EETs and HETEs into the perivascular space, which have opposing roles on
Kca channels and cerebrovascular function under physiological and pathophysiological
conditions.

A further paracrine signaling function of astrocyte-derived P450 eicosanoids is the induction
of tube formation of cerebral microvascular endothelial cells, an /n vitro model of
angiogenesis. Endothelial thymidine incorporation is increased upon incubation with
astrocyte-conditioned medium, while tube formation is increased in co-culture with
astrocytes (Munzenmaier and Harder, 2000). The latter is decreased by 17-octadecynoic acid
(17-ODYA), an inhibitor of both 20-HETE and EETs synthetic enzymes, therefore
implicating P450-derivatives of AA in astrocyte-induced angiogenesis. Further, exogenous
8,9-EET causes endothelial mitogenesis and is sufficient for endothelial cells to form
capillary-like structures (Zhang and Harder, 2002), however /in vivo studies have shown that
17-ODYA and another non-specific P450 inhibitor are able to decrease capillary formation
and tumor size in glial tumors, though these inhibitors had no effect on EETS levels
(Zagorac et al., 2008), indicating that 20-HETE, another eicosanoid, or other signaling
mediator, may be responsible for the increased endothelial mitogenesis and tube formation
upon treatment with astrocyte conditioned medium.
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Endothelial cells

Endothelial cells (ECs) lining the intimal surface of the cerebrovasculature are essential for
vascular function, regulating vascular tone, blood-brain barrier permeability, blood
coagulation, angiogenesis and inflammatory responses. Both EETs and HETES synthetic
enzymes are expressed in cerebral endothelial cells, as well as sEH. We also show here that
endogenous EETSs (8,9-, 11,12- and 14,15-EET) are present in brain endothelial cells under
basal conditions (FIGURE 2).

As for astrocytes, 14,15-EET is also protective against cell death following OGD in primary
cultured brain ECs. Brain ECs display a sexually dimorphic response to ischemia, with ECs
derived from female brain exhibiting increased survival after OGD compared to male brain
ECs (Gupta et al., 2012). The sex difference has been linked to lower sEH expression and
higher EETS levels in female versus male ECs. The difference in survival is abolished by
either inhibiting SEH or applying 14,15-EET exogenously, which reduces male EC death to
levels observed in female-derived ECs. The mechanism of EC protection by 14,15-EET is in
part linked to inhibition of Rho kinase (Gupta et al., 2012). EETSs therefore play a protective
role to endothelial cells, the integrity of which is vital to the health of the cerebrovasculature.

Smooth muscle cells

Vascular smooth muscle cells (VSMCs) surround arterioles and large-caliber blood vessels,
but not capillaries, and are the effector cells responsible for vasoconstriction and
vasodilation, critical for vascular function. Brain smooth muscle cells express SEH, however
it has not yet been demonstrated that they possess endogenous EETS. This is in line with
their physiological role as a target cell for EETs, which they receive from surrounding cell
types, such as ECs and astrocytes, the expression of SEH consistent with the need to
terminate EETs following their vasodilator actions (Iliff et al., 2007). Consistent with VSMC
expression of the w-hydroxylase CYP4A, cultured feline brain VSMCs have been shown to
produce 20-HETE upon incubation with AA (Gebremedhin et al., 1998).

In agreement with studies in other cerebrovascular cell types, exogenously applied EETs are
also protective to VSMCs in the face of ischemic insult. 14,15-EET protects cultured rat
brain VSMCs exposed to OGD in a dose-dependent manner (Qu et al., 2015), with an
associated increase in phosphorylation of Akt and Kir6.1 ATP-sensitive potassium channel
(KATP) subunit. This protective effect is blocked by inhibiting Akt or KATP, indicating that
14,15-EET protects against cell death via activation of Akt and opening KATP channels.
EETSs production has not yet been demonstrated in VSMCs, but they respond to EETs
released by ECs and astrocytes. However, OGD reduces levels of EETSs in both of these cell
types (Zhang et al., 2017), thereby decreasing the EETs available to VSMCs. Differences in
temporal regulation of EETs levels by the cell types remain to be determined and may play a
role in the viability of VSMCs during ischemia.

EETs exhibit anti-inflammatory actions in multiple cell types outside of the brain and in the
brain as a whole, yet there is a paucity of /n vitro studies using cerebrovascular cell cultures
to investigate the mechanisms involved (Node et al., 1999; Deng et al., 2010). However,
EETs exogenously applied to brain microvascular SMCs do inhibit prostaglandin E2 (PGE2)
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production, a principal mediator of inflammation in many diseases (Fang et al., 1998). The
same has been demonstrated in aortic SMCs, where EETs-induced inhibition of PGE2
potentiates platelet-derived growth factor (PDGF)-induced SMC proliferation (Fang et al.,
1998).

Of particular relevance to the physiological role of VSMCs in regulating cerebral blood
flow, exogenous 8,9- and 11,12-EET increase the frequency of opening, mean open time and
open- state probability of K* channels in cerebral VSMCs (Gebremedhin et al., 1992). 20-
HETE, an endogenous inhibitor of K¢, channels, is decreased under hypoxic conditions
(Gebremedhin et al., 2008); this reduction of inhibitory 20-HETE could therefore lead to
increased opening of the channel (Gebremedhin et al., 2008). Exogenously applied 20-
HETE is able to block the hypoxia-induced activation of K¢, channel current, suggesting
that the hypoxia-induced reduction of endogenous 20-HETE may contribute to hypoxia-
induced K¢, channel activation, leading to hyperpolarization and relaxation cerebral arterial
muscle cells (Gebremedhin et al., 2008).

Although not a brain cell type per se, circulating platelets do come into contact with the
brain vasculature and affect both physiological and pathological processes. Platelets play an
important role in events following vascular injury. In injured blood vessels, they rapidly
aggregate upon contact with collagen, releasing pro-aggregatory mediators to cause further
aggregation, thus forming a platelet plug within the blood vessel, which then interacts with
various coagulation factors.

In 1986 Fitzpatrick et al., (Fitzpatrick et al., 1986) showed that exogenous EETS inhibit
COX-dependent metabolism of AA both in isolated enzyme preparations and in intact
human platelets, with 14,15-EET being most potent. In washed, intact platelet preparations,
14,15-EET inhibited thromboxane B, (TxB2) formation from AA. They also demonstrated
that all of the regioisomers they tested were able to inhibit AA-induced human platelet
aggregation, independent of COX activity. At lower concentrations, below 10 puM, EETs
were able to inhibit AA-induced platelet aggregation, yet TxB2 levels were unaltered,
indicating a dual effect of EETs on COX activity and platelet aggregation in general,
independent of TxB2. This was the first report of a dissociation between TxB2 formation
and platelet aggregation; the two phenomena generally correlate with each other.

Almost 10 years later (Zhu et al., 1995), it was established that EETSs are actually produced
in platelets; studies using isolated human platelet phospholipids treated with PLA2
demonstrated release of both EETs (14,15-, 11,12-, 8,9- and 5,6-EET in decreasing order of
abundance) and 20-HETE, indicating presence of both P450 epoxygenase and hydroxylase
enzymes. Activation of these platelets by thrombin or platelet-activating factor (PAF) was
also able to produce low levels of EETSs. In contrast to the often opposing roles of EETs and
HETEs, it was demonstrated that 20-HETE is actually a potent, dose-dependent inhibitor of
platelet aggregation (when stimulated by AA-, A23187 ionophore- or U46619), and also
inhibitor of thromboxane B, generation from AA; a function specific to 20-HETE, as 19-
HETE does not inhibit platelet aggregation (Hill et al., 1992).
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Platelet adhesion to endothelial cells in the brain, which underlies vascular inflammation and
is implicated in brain pathology (Mezger et al., 2015), is inhibited by 11,12-EET under non-
flow conditions. This decrease in adhesion may be due to the decrease in platelet adhesion
molecule expression (P-selectin and CD41) observed upon treatment with 11,12-EET. It has
further been demonstrated that in addition to exogenously applied EETs, endothelial
expression of CYP2C9 inhibits adhesion of human platelets to an endothelial cell line by a
mechanism that is partially dependent on membrane potential and involving platelet Kc,
channels (Krotz et al., 2004). EETs have therefore been proposed to serve as an
endothelium-derived antiplatelet substance, in addition to nitric oxide (NO) and prostacyclin
(PGI2), with different EETSs regioisomers exhibiting different platelet membrane
hyperpolarization potencies (11,12- being the most, and 14-15-EET the least potent) (Krotz
et al., 2004). These results have been acquired in an endothelial cell line, not derived from
the brain; it therefore remains to be determined whether the same mechanisms will apply to
the interaction between circulating platelets and cerebrovascular endothelial cells.
Exogenously applied 14,15-EET does decrease platelet aggregation in the mouse brain /n
vivo, an outcome that is correlated with decreased TxB2 production (Heizer et al., 1991),
however adhesion or endothelial adhesion markers have not been investigated.

A further anti-inflammatory mechanism of EET involves platelet NO production, which is a
signaling mediator playing an anti-platelet aggregation and anti-thrombotic role. 11,12-EET
increases nitric oxide synthase (NOS) activity in platelets, resulting in increased nitrate/
nitrite production as well as increased platelet uptake of L-arginine, a substrate for NOS.
(Zhang et al., 2008a)

Both 5,6-EET and sEH have also been identified in red blood cells (Nakamura et al., 1997;
Jiang et al., 2004) where it has been proposed that the red blood cells act as a reservoir for
EETSs, which are released upon ATP stimulation of the erythrocyte P2X7 receptor (Jiang et
al., 2007). As well as being a releasable store for EETS, erythrocytes also possess metabolic
activity, able to actively form EETs from exogenously applied AA, though the P450 enzyme
has not yet been identified, and also hydrolyze EETs into DHETS by sEH (Jiang et al.,
2008). Physiologically, such a function may serve a purpose in providing exogenous EETSs to
the endothelial cells lining cerebral blood vessels in times of pathological stress.

Physiological actions of eicosanoids in the cerebrovasculature

In order to maintain an adequate supply of oxygen and nutrients to the brain, cerebral blood
flow (CBF) is regulated by an intricate interplay between autoregulation, to provide the
brain with a basal supply of oxygenated blood, and neurovascular coupling (NVC), or
functional hyperemia, which increases blood flow to areas of the brain with increased
neuronal activity. P450 eicosanoids contribute significantly to both of these processes. In
general EETSs are key players in neurovascular coupling, whereas 20-HETE contributes to
the autoregulatory process.

EETs are able to dilate cerebral vessels; however potencies vary between regioisomers
depending on the species, the in vivo or ex vivo nature of studies and vessel type and its
location (parenchymal vs pial; Ellis et al., 1990; Gebremedhin et al., 1992; Leffler and
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Fedinec, 1997; Blanco et al., 2008), as summarized in Table 2, with some regioisomers able
to bring about large magnitudes of change in vessel diameter, while 14,15-EET appears to be
minimally vasoactive in the cerebral circulation (Ellis et al., 1990). Multiple studies have
demonstrated that cerebral arterial dilation in response to EETs is mediated by activation of
Kca channels in VSMCs (Harder et al., 1998; Gebremedhin et al., 1992). The increase in K*
channel activity results in hyperpolarization of the cell membrane and inactivation of
voltage-gated Ca?* channels, resulting in dilation of cerebral microvessels.

Consistent with 20-HETE having opposing effects to EETs, 20-HETE is a potent cerebral
vasoconstrictor. 20-HETE acts by inhibiting large-conductance Ca?*-activated K* channels,
increasing intracellular Ca2*, thus causing depolarization of vascular smooth muscle
membranes and vasoconstriction (Gebremedhin et al., 1992); a mechanism also involving
PKC activation. Independent of these inhibitory effects on K¢, 20-HETE also activate L-
type Ca2* channels to produce a concentration-dependent constriction, which is inhibited by
pharmacological blockade of L-type Ca?* channels (Gebremedhin et al., 1998; Lange et al.,
1997).

As is common for many physiological processes, there is cross-talk with another vasoactive
signaling mediator, NO. It has been shown that, in the rat MCA, the actions of NO as a
vasodilator are in part mediated by a cGMP-related mechanism and in part by NO-induced
inhibition of 20-HETE formation, via inhibition of CYP4A, thereby suppressing the 20-
HETE vasoconstrictor signal. This phenomenon is however dependent on vessel type and
not true of all cerebral vessels; the majority of NO-induced dilation is mediated by the
cGMP mechanism in the basilar artery rather than by inhibition of 20-HETE (Alonso-
Galicia et al., 1999). It has also been demonstrated that increased sEH expression
specifically in the endothelium results in a blunted CBF response to acetylcholine (ACh)
(Zhang et al., 2013). Since release of NO in response to ACh is measure of endothelial
function, this may indicate that SEH overexpression induces endothelial dysfunction.

Regulation of CBF follows a circadian rhythm in rats. Expression of Cyp2c11and Cyp4x1
MRNA and protein also follow a circadian rhythm in rat astrocyte cultures (Carver et al.,
2014), with formation of 8,9-EET following a 12-hour cycle, while 14,15-EET was rhythmic
with a 24-hour cycle. These expression patterns may potentially underlie the circadian
changes in CBF.

Autoregulation

Cerebral autoregulation is the ability of blood vessels to maintain a constant cerebral blood
flow over a wide range of systemic arterial pressures, ensuring adequate oxygen delivery to
the brain. This is achieved by a combination of myogenic, neurogenic, and metabolic
mechanisms. When perfusion pressure is not within the autoregulatory range, control of
CBF is lost and is governed by mean arterial pressure. In the kidneys EETSs are able to
modify autoregulation, with inhibition of epoxygenase enhancing the vasoconstrictor
response to increasing perfusion pressure (Imig et al., 1999). In the cerebral circulation the
contribution of EETs to autoregulation has not been demonstrated, however the role of 20-
HETE has been extensively studied.
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20-HETE is an endogenous mediator of the generation of pressure-induced cerebrovascular
vasoconstriction, thus playing an important role in cerebral autoregulation. 20-HETE levels
are greatly increased in cerebral arteries in response to increasing transmural pressure,
pharmacological blockade of which eliminates pressure-induced constriction of cerebral
arteries /n vitro and impairs autoregulation /7 vivo (Gebremedhin et al., 2000; Toth et al.,
2011). Regulation of 20-HETE may be important in pathological or stress states. As already
described, 20-HETE levels in smooth muscle cells are decreased under hypoxic conditions
(Gebremedbhin et al., 2008). In the context of autoregulation, this may be protective under /in
vivo hypoxic conditions, where the cerebral vasculature senses hypoxia, reducing 20-HETE
levels, thus leading to activation of K¢, channels and causing dilation in order to elevate
CBF to increase the delivery of oxygen and nutrients to the brain. Since EETs and 20-HETE
play opposing roles on VSMC K¢, channels, reduction of 20-HETE removes inhibition of
these channels, but also allows for EETs-mediated channel activation. In fact, a recent study
demonstrated a role for EETSs in this increase in CBF in response to reduced arterial oxygen
saturation, with the response to hypoxia greatly diminished by both inhibition of EETs
synthesis and by EETs antagonism, while inhibition of 20-HETE had no effect (Liu et al.,
2015), most probably due to 20-HETE already being decreased by hypoxia. Inhibition of
mGIuRs also attenuated the increase in CBF in response to hypoxia, suggesting that
activation of mGIluRs may be responsible for the increased EETs observed during hypoxia,
contributing to increased hypoxic responsivity (Yamaura et al., 2006; Liu et al., 2015).

Functional hyperemia (Neurovascular Coupling)

Cerebral blood flow is intricately coupled to neuronal metabolic activity by a tightly
regulated and dynamic phenomenon referred to as functional hyperemia or neurovascular
coupling. This process ensures sufficient local oxygen supply to active neurons.

Based on the proximity of neurons, astrocytes and blood vessels anatomically, with
astrocytes bridging vessels and neurons, it was postulated in the late 1990s by Harder et al.
that astrocytes may play a role as integrators of neuronal signals that can be transduced to
cerebral arterioles, leading to changes in local tone and local cerebral perfusion in response
to neuronal activation (Harder et al., 1998). The idea was based on the group’s
demonstration that glutamate, a major excitatory neurotransmitter, was able to increase
EETs formation in astrocytes, as well as increase CBF. These observations, in addition to the
already known ability of EETSs to dilate cerebral vessels, and the demonstration that
application of 14,15-EET had direct actions on the outward K* current in VSMCs isolated
from rat cerebral microvessels, led the group to propose a model for functional hyperemia,
whereby perisynaptic astrocytes sense glutamate released by active neurons into the synaptic
cleft, causing the release of EETs from astrocytic endfeet surrounding adjacent arterioles;
EETs then dilate these arterioles by inducing membrane hyperpolarization and VSMC
relaxation (Alkayed et al., 1996a, Harder et al., 1998), as summarized in FIG 3. This paper
marked a significant move forward in thinking in the field and has since been supported by
several independent studies.

Pharmacological inhibition of cytochrome P450 epoxygenases prevents the increase in CBF
observed in response to application of exogenous glutamate. Furthermore, inhibition of
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Cyp2c11by use of antisense oligonucleotides also prevents glutamate-induced increases in
cerebral blood flow (Alkayed et al., 1996b; Harder et al., 1998; Alkayed et al., 1997),
together demonstrating regulation of glutamate-induced changes in CBF by endogenously
generated EETs. Additionally, /7 vivo superfusion of an mGIuR agonist over the cortical
surface of the brain causes an increase in CBF, a response attenuated by both inhibition of
EETSs synthesis and by an EETs analogue (MS-PPOH and 14,15-EEZE, respectively; Liu et
al., 2011). Prolonging the bioavailability of endogenous EETSs, by sEH inhibition, also
prolongs the response to mGIuR agonism, an effect also achieved by inhibition of 20-HETE
synthesis, indicating that increased CBF /n vivo in response to mGIuR stimulation, is
primarily dependent on the release of EETS, while the duration of response is limited by
both EETs breakdown by sEH and by 20-HETE accumulation.

These mechanistic studies are further supported by a physiologically relevant model of
functional hyperemia, whisker stimulation. /n vivo studies have demonstrated that inhibition
of P450 epoxygenase, using multiple inhibitors, results in a substantial decrease in the CBF
response to whisker stimulation, showing that EETs generation plays a significant role in the
coupling of blood flow to physiological neuronal stimulation (Peng et al., 2002). Conversely
20-HETE plays an opposing role; inhibition of 20-HETE synthesis results in a slight
increase in laser-Doppler flux in response to whisker stimulation, compared to vehicle
control. Of course, due to biological redundancy, more signaling pathways are involved in
functional hyperemia rather than solely relying on the balance between EETs and 20-HETE
signaling. While functional hyperemia is primarily dependent on EETs, COX metabolites
and NO are also implicated in the CBF response to neuronal activation; COX inhibition
attenuates whisker-stimulated increase in CBF independently of EET, while NO by virtue of
20-HETE suppression is also able to elicit vasodilation, also allowing for an increased
response to EET (Liu et al., 2008; Liu et al., 2012). More recent models combine
pharmacological inactivation of multiple pathways including EETs, COX, and NO to
achieve neurovascular uncoupling (Leithner et al., 2010; Tarantini et al., 2015), however
these early studies inhibiting P450 epoxygenase were able to reveal that inhibition of EETs
generation alone is sufficient to achieve neurovascular uncoupling (Peng et al., 2002).

Larger conduit arteries in the brain, such as the MCA receive inputs from extrinsic
perivascular nerves, including parasympathetic and sensory vasodilator and parasympathetic
vasoconstrictor nerves. This type of extrinsic control of arteries is thought to protect the
brain against extreme fluctuations in CBF, such that occur under pathological situations. Iiff
et al., showed that sensory and parasympathetic vasodilator perivascular fibers express both
EETSs synthetic machinery (CYP2C11, CYP2J3 and CYP2J4) as well as sEH, and identified
a role for EETs as nerve-derived vasodilators, involved in the regulation of CBF by these
extrinsic perivascular nerves(lliff et al., 2009b; Iliff et al., 2007).

Cerebrovascular pathology and cytochrome P450 eicosanoids

Autoregulation and neurovascular coupling can both be altered under pathological
conditions, with the resulting homeostatic disturbance contributing to brain dysfunction
(Girouard and ladecola, 2006; Imig et al., 2011).
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Stroke is the leading cause of serious long-term disability. In the USA, someone suffers a
stroke every 40 seconds, with a person dying of a stroke every 4 minutes. Approximately
90% of these are ischemic strokes, with the rest being intracerebral or subarachnoid
hemorrhagic strokes (Benjamin et al., 2017).

The benefical properties of EETs outlined above, the vasodilatory, anti-inflammatory, anti-
coagulatory and pro-survival properties, make them obvious candidates as potential
therapeutic targets in stroke and other cerebrovascular pathologies.

Levels of P450 eicosanoids are altered by cerebral ischemia, with both arachidonic acid and
free fatty acids increasing in ischemic brain tissue. Transient ischemic attack (TIA),
although a risk factor for stroke, acts as a preconditioning stimulus, and EETs have been
implicated in mediating preconditioning-linked ischemic tolerance. Cerebral infarct is
reduced in TIA-versus sham-preconditioned rats. Cyp2c11 mRNA and protein levels are
increased in the ipsilateral hemisphere after experimental TIA (Alkayed et al., 2002),
indicating that TIA may induce ischemic tolerance by upregulating the EETs synthetic
CypZcll.

Administration of exogenous 14,15-EET reduces infarct size in mice following middle
cerebral artery occlusion (MCAO; Zhang et al., 2008c). EETs are therefore protective in the
face of cerebral ischemia; much of the focus of studies investigating EETs-mediated
protection have centered however on the role of SEH since its identification as a potential
therapeutic target (1liff and Alkayed, 2009; Imig and Hammock, 2009). Pharmacological
sEH inhibition, using AUDA, AUDA-BE, or t-AUCB. is protective following MCAO,
reducing apoptosis and infarct volume as well as improving neurological function (Zhang et
al., 2007; Qu et al., 2015; Zuloaga et al., 2014). This protection is likely due to increased
endogenous EETSs levels since protection is absent upon inhibition of P450 epoxygenase.
Global sEH null mice sustain smaller brain infarcts after MCAO compared to WT control
(Zhang et al., 2008c¢), confirming the studies carried out with the pharmacological inhibitors.
These mice have been shown to have higher circulating 14,15-EET levels, supporting the
notion that protection is attributed to increased EET levels (Zhang et al., 2008c; Luria et al.,
2007).

While both pharmacological inhibition of SEH and its gene deletion (designated ep/ix2)
decreases infarct volume, the mechanism of this protection is not so clear. SEH null mice
display higher brain tissue perfusion compared to wild-type (WT) mice during occlusion,
indicating enhanced vasodilator capacity and collateral blood flow in the presence of focal
occlusion (Zhang et al., 2008c). However the study using AUDA-BE found that blood flow
during occlusion was unaltered between the inhibitor- and vehicle-treated groups (Zhang et
al., 2007). This may indicate that the protection by sEH inhibition may be due to a non-
vascular mechanism. However, blood flow during the reperfusion period was not assessed,
so a vascular mechanism cannot be ruled out. This discrepancy may also be due to the acute
sEH inhibition resulting from a single injection of AUDA-BE compared to the chronic lack
of sEH in the null mice. Finally, the discrepancy may be due to the fact that SEH is a
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bifunctional enzyme, with both hydrolase and lipid phosphatase activities; gene deletion
eliminates both functions, whereas pharmacological inhibition blocks only one.

Having said that, non-vascular mechanisms are likely to contribute to the protection
observed since the sEH null mice exhibit a reduction in ischemia-induced cytokine
expression, including TNFa, IL-6 and IFNT (Koerner et al., 2008), in line with EETS’ anti-
inflammatory role. In rats treated with AUDA, cellular apoptosis is reduced, (Qu et al.,
2015) while phosphorylation of Akt and the ATP-sensitive potassium channel subunit Kir6.1
are increased in the ischemic penumbra, both of which have been implicated in mediating
the anti-apoptotic effects of EETs in cerebral VSMCs and astrocytes (Qu et al., 2015; Li et
al., 2012). BDNF is also increased in astrocytes of SEH null mice, with protection being lost
upon inhibition of TrkB receptors, implicating the BDNF/TrkB pathway in mediating the
protection observed, mirroring /in vitro studies demonstrating involvement of this pathway in
astrocyte and neuronal protection from OGD (Yuan et al., 2016).

Li et al. used mice expressing human CYP2J2 specifically in endothelial cells (Tie2-
CYP2J2-Tr), subjected them to 10 minutes of bilateral common carotid artery occlusion
(BCCAOQ) as a model of transient global cerebral ischemia, which sustained a smaller infarct
size than WT controls. These mice exhibited increased 14,15-DHET, both in brain tissue and
plasma, and increases in DHET were inhibited in the Tie2-CYP2J2-Tr mice by
pharmacological inhibition of CYP2J2, as was protection from ischemia. This protection
was shown to be Akt-dependent, with increased levels in the transgenic mice compared to
WT after ischemic insult and a corresponding increase in cell-survival markers and decrease
in apoptotic markers in brain tissue, after ischemia. Since CYP2J2 preferentially metabolizes
AAto 11,12- and 14,15-EET, these effects are thought to be dependent on 11,12- and 14,15-
EET (Lietal., 2012). Tie2 is also expressed in microglia and distinct monocyte/macrophage
lineages, these cell types may also therefore contribute to outcomes in such studies using
Tie2 as a promoter to drive protein expression (De Palma et al., 2005; Perdiguero et al.,
2015).

20-HETE levels are also regulated by cerebral ischemia in brain tissue, reaching
significantly higher levels within 5.5 hours of MCAO, with plasma levels displaying a
delayed reaction, increasing between 19.5-25.5 hours after insult in the rat (Tanaka et al.,
2007). Not surprisingly, 20-HETE plays an opposing role to EETSs following cerebral
ischemia; in fact injection of 20-HETE into rat carotid arteries is itself sufficient to induce
ischemic infarct and the associated neurological deficits (Miyata et al., 2005). Conversely,
inhibition of 20-HETE synthesis reduces infarct following MCAO as well as improving
neurological outcome (Miyata et al., 2005; Poloyac et al., 2006). Since 20-HETE is a potent
vasoconstrictor, the infarct observed is likely due to reduced blood supply to the area at risk,
exacerbating cellular ischemic damage. Inhibition of 20-HETE also attenuates the delayed
fall in regional CBF observed after reperfusion, suggesting that it plays a role in both acute
and delayed events (Poloyac et al., 2006; Renic et al., 2009). Interestingly, and of significant
translational relevance, inhibition of 20-HETE synthesis by N-(3-chloro-4-morpholin-4-yl)
phenyl-N’-hydroxyimido formamide (TS-011) reduces infarct size regardless of whether it
is administered before, during or after vessel occlusion. Even when administered up to 4
hours post-MCAQO, TS-011 is able to reduce infarct volume in the rat by approximately 25%
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(Omura et al., 2006). These results imply a time-window for tissue salvage after MCAO,
suggesting a mechanism that is not only dependent on blocking 20-HETE’s vasoconstrictor
effects, but also by increasing cell survival. Indeed an ex vivo study using rat brain slices
demonstrated that inhibition of 20-HETE reduced cell death following OGD, while a 20-
HETE mimetic increased cell death, by mechanisms involving reactive oxygen species
(ROS) and caspase-3 (Renic et al., 2012). Further studies in young piglets support this
notion, since blockade of 20-HETE resulted in increased neuronal survival, linked to
suppressed Erk1/2 signaling and oxidative stress following ischemia (Yang et al., 2012a), yet
no difference in CBF either during or immediately after ischemia was observed.

Recently, a study of neurologic deterioration (defined as an increase of two or more points in
the National Institutes of Health Stroke Scale) in acute ischemic stroke revealed that patients
with neurologic deterioration displayed higher levels of plasma 20-HETE and lower levels
of EETSs, compared to those without. Also, polymorphisms in cytochrome P450 genes and
ephx2 were associated with neurologic deterioration and different P450 metabolite levels (Yi
et al., 2016). Another study into P450 metabolite levels also revealed increased 20-HETE,
EETs and DHETSs plasma levels following acute ischemic stroke, with a positive correlation
between 20-HETE levels and lesion size and greater neurological impairment in stroke
patients (Ward et al., 2011). The duration of the ischemic insult also has bearing on levels of
EETs and HETEs, and subsequent outcome; a study investigating cardiac arrest in infant rats
found an increase in EETSs in cerebral tissue with short insult (9 minutes), but an increase in
20-HETE after a longer ischemic insult (12 minutes), with inhibition of the latter resulting in
increased CBF and reduced neurological deficits and neurodegeneration (Shaik et al., 2015).

Stroke is a sexually dimorphic disease, with premenopausal women at a lower risk compared
to men, however incidence of stroke rapidly increases following menopause. Younger
women are thought to be protected due to the effects of estrogen; indeed removing the
influence of gonadal estrogen by ovariectomy in mice (OVX) results in larger infarct sizes
following MCAO compared to intact females. Cerebrovascular expression and activity of
sEH is lower in female than male mice, resulting in decreased DHETSs and increased
circulating EETs compared to males (Zhang et al., 2009). Estradiol has been shown to
reduce both basal and post-stroke sEH expression in the brain (Koerner et al., 2008). This
sexual dimorphism in sEH regulation likely contributes to underlying sex differences in
stroke.

Studies using transgenic mice demonstrate that SEH is an important factor underlying sex-
differences observed in cerebral ischemia, with the mechanism involving both differences in
blood flow as well as neuronal cell survival. Female mice sustain smaller infarcts than males
following MCAQ, a sex difference which is abolished in SEH null mice. The sex difference
in infarction correlates with corresponding differences in blood flow during MCAO, which
is higher in females than males, a difference that is also abolished in sEH null mice. No
protection is observed in sEH null female mice compared to wild-type females, presumably
due to already low sEH levels in the wild-type (Zhang et al., 2009). The opposite is observed
in mice with increased sEH expression specifically in the endothelium (Tie2-hsEH-Tr)
where ischemic damage in female mice is exacerbated following MCAQ, rendering females
more susceptible to cerebral ischemia than males. Surprisingly, no increase in infarct volume
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is observed in male Tie2-hsEH-Tr mice, presumably due to high preexisting SEH levels
(Zhang et al., 2013).

The above studies show that SEH knockdown or inhibition in rodent models is protective
against cerebral ischemia. Fittingly, ep/ix2 polymorphisms in the human population have
been linked to altered, either increased or decreased, risk of stroke depending on the nature
of the variation in the gene (Fornage et al., 2005; Gschwendtner et al., 2008; Zhang et al.,
2008b).

Subarachnoid hemorrhage

Both EETs and HETESs have been implicated in subarachnoid hemorrhage and its
subsequent complication, vasospasm. SAH results from rupture of cerebral aneurysms or
other head trauma, and is characterized by bleeding in the subarachnoid space and blood clot
formation. The majority of deaths resulting from SAH occur within the first two days and
are linked to the volume of the initial hemorrhage (Broderick et al., 1994). The changes in
CBF that occur are biphasic (Weir et al., 1978), consisting of an acute and delayed
responses. Symptomatic, or delayed, cerebral vasospasm is a major complication occurring
in the cerebral vasculature 4-14 days following SAH and increases the risk of delayed
cerebral ischemia (DCI), although these complications can also occur independently of each
other (Crago et al., 2011).

Early studies in a rat model of SAH demonstrated a 17-fold increase in 20-HETE levels in
the cerebrospinal fluid (CSF) following SAH, an increase associated with the acute decrease
in CBF, consistent with 20-HETE’s role as a vasoconstrictor. This increase in 20-HETE is
triggered by multiple factors after SAH, including the vasoconstrictor 5-hydroxytryptamine
(5-HT), as well as other vasoactive compounds released by clotting blood (Cambj-Sapunar
et al., 2003; Takeuchi et al., 2006). Other AA metabolites are also increased in SAH CSF,
indicating liberation of AA from plasma membranes. The increase in 20-HETE is
presumably due to increased synthesis from AA by CYP4 enzymes (Roman et al., 2006;
Rodriguez et al., 1988). Indeed, inhibition of cytochrome P450 hydroxylase, by 17-ODYA,
HETO0016 or TS-011, preventing the generation of 20-HETE, blocks the increase in CSF 20-
HETE following SAH, attenuating the acute fall in CBF observed following SAH (Kehl et
al., 2002; Miyata et al., 2005; Cambj-Sapunar et al., 2003; Roman et al., 2006). Experiments
have also demonstrated the converse; injection of 20-HETE agonists into the cisterna magna
reduce baseline CBF as well as potentiate the fall in CBF observed after SAH, confirming
the role of increased CSF 20-HETE in mediating the changes in CBF occurring acutely after
SAH (Yu et al., 2004). Inhibition of 20-HETE also prevents the delayed fall in CBF in a rat
dual-hemorrhage model, therefore implicating 20-HETE in both the acute and delayed
cerebral vasospasm (Takeuchi et al., 2005).

Increases in CSF 20-HETE levels have been reported in SAH patients who went on to suffer
complications of cerebral vasospasm, with early peaks at ~70h, followed again 250-325h
after onset of SAH symptoms; these increases in 20-HETE were not observed in patients not
developing vasospasm, however this association with vasospasm has not been observed in all
human studies (Poloyac et al., 2005; Crago et al., 2011). While it is not known definitively
what tissue or cell type produces these increased eicosanoids, due to the time courses

Pharmacol Ther. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al.

Page 17

observed clinically for increased HETEs and EETS, it is believed that the origin of both was
liberation of AA from brain tissue, following brain insult, as suggested in the rat studies
(Siler et al., 2015; Poloyac et al., 2005). A dog model of dual hemorrhage SAH supports this
association of 20- HETE with vasospasm where levels of 20-HETE increased in CSF,
corresponding to delayed reduction in basilar artery diameter, indicative of delayed
vasospasm. Pharmacological inhibition of 20-HETE increased vessel diameter to levels
comparable with control dogs, indicating that the development of delayed vasospasm is
associated with increased CSF 20-HETE (Hacein-Bey et al., 2006).

Siler et al. sampled CSF in a cohort of SAH patients at high risk for delayed cerebral
ischemia. The group confirmed previous reports of elevated 20-HETE being associated with
DCI (Crago et al., 2011); however, they also reported elevated 14,15-EET in CSF of SAH
patients compared to that from non-hemorrhage controls, with patients exhibiting the highest
levels of both eicosanoids more likely to develop DCI. The time-course of the increase in
HETESs versus EETs were different, with levels of 20-HETE rising in the first couple of days
after SAH and then declining, whereas 14,15-EET only rising approximately two weeks
after insult (Siler et al., 2015). A study in a model of SAH in sEH null mice was used to
investigate the effect of increased EETs on DCI following SAH. These sEH null mice,
which have increased 14,15-EET and decreased 14,15 DHET, with no difference in 20-
HETE levels, were protected from delayed reduction of microvascular perfusion, compared
to WT mice, even though initial response to SAH was no different between the two
genotypes. Although the increase in EETSs levels in these mice was permanent, rather than
induced by SAH, this study does indicate that the delayed increase in 14,15-EET observed
in humans may be protective, and also that inhibition of SEH may be a therapeutic target, to
increase endogenous EETSs closer to the time of SAH insult. The acute increase in 20-HETE
also supports the clinical utility of inhibiting 20-HETE formation as a potential therapeutic
intervention in patients who have suffered SAH. Since these changes correlate with
likelihood of developing DCI, CSF eicosanoid levels may be a valuable biomarker, guiding
clinicians in decision making upon admission of a patient following SAH (Siler et al., 2015).

Genetic variation in the gp/ix2 gene, which encodes for sEH, as well as P450 enzymes, may
also serve as a predictor of outcome following SAH. A study has shown that in patients
admitted with aneurysmal SAH (aSAH), those with the Lys55Arg (K55R) polymorphism,
predictive of increased SEH activity, had a significantly increased likelihood of experiencing
a new stroke compared to patients with the wild-type gene. No difference was observed
between patients with Arg287GIn (R287Q), associated with decreased EET metabolism and
increased EETS, or wild-type genotypes (Martini et al., 2014); the same pattern was also
observed for mortality. However, despite the increased likelihood of stroke in the K55R
group, neurological deterioration attributable to DCI is not changed by genotype, though
patients with the R287Q polymorphism had a significantly reduced length of hospital stay
compared to either K55R or wild-type (Martini et al., 2014). Sampling CSF after aSAH
showed that CYP2C8*4 allele carriers had decreased EETs and DHETSs CSF levels, and
were over twice as likely to develop DCI and clinical neurologic deterioration, the latter
defined in this study as a decrease of two points on the Glasgow Outcome Scale. However,
surprisingly CYP2J2*7, which is expected to decrease EETs levels, also showed improved
outcome. Generally these studies correlate with the animal studies, indicating that decreased
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sEH and increased EET may be beneficial after SAH. There is however a great degree of
genetic variation in the EETs pathway; genes involved in either EETs generation or
breakdown may contribute in different degrees to the clinical outcomes observed (Donnelly
etal., 2015)

Subarachnoid hemorrhage has further complications for some patients; it is followed by
cerebral edema and acute communicating hydrocephalus in approximately 20% of cases,
both of which are life-threatening. The mechanisms underlying these complications are
poorly understood. Recently using a mouse model of SAH, in both WT and sEH null mice,
we showed communicating hydrocephalus forming rapidly after SAH and persisting for the
duration of the study, evidenced by enlarged ventricular volume which developed in both
genotypes. Cerebral edema also formed in both genotypes, specifically in the periventricular
white matter. sEH null mice displayed significantly less edema at 24 and 72hr post-SAH,
compared to WT. Furthermore, we assessed vascular inflammation by VCAM-1 expression
levels, using VCAM-1-conjugated microparticles of iron oxide (MP10s) and T,*-weighted
MRI; we demonstrated that SEH null mice had reduced VCAM-1 MPIO uptake in the whole
brain, compared to WT. These findings suggest that increased EETSs levels, or decreased
SEH, protects against cerebral edema following SAH. The mechanism of protection involves
decreased endothelial expression of VCAM-1, a cell adhesion molecule implicated in
vascular inflammation, upregulation of which often precedes blood brain barrier disruption
(Siler et al., 2015). These findings are of clinical interest as plasma and CSF collected from
SAH patients show increased levels of VCAM-1, therefore potentially identifying a
therapeutic target against the development of edema after SAH (Kaynar et al., 2004; Frijns
et al., 2006a). Endothelial cell inflammatory markers, resulting from platelet activation, have
also been observed in patients who have suffered DCI (Frijns et al., 2006b), therefore
identifying inflammatory processes in multiple complications of SAH. As discussed above,
EETSs have established anti-inflammatory activity; it would be of interest to also determine
whether the protection from DCI observed in the sEH null mice was associated with
decreased inflammation, in addition to the decreased edema observed. The hydrocephalus
which developed in these mice was not altered by genotype, however hydrocephalus is likely
mechanical in nature and therefore independent of inflammatory processes and therefore
SEH or EETs levels (Siler et al., 2015).

In the elderly, vascular cognitive impairment (VCID; also called vascular dementia) and
Alzheimer’s disease (AD) are the two most common forms of cognitive impairment.
Historically, these pathologies have been considered distinct from each other, even mutually
exclusive (ladecola, 2010; Roseberg et al., 2016; Erkinjutti and Gauthier, 2009). However
there is a growing awareness of the similarities between the two illnesses, with a growing
number of AD patients also exhibiting VVCI pathology such as cerebrovascular lesions as
well as reduced vascular reactivity and CBF (Calabrese et al., 2016; Binnewijzend et al.,
2016; Cantin et al., 2011; ladecola, 2016; Ruitenberg et al., 2005). While a causative
relationship between the two pathologies is of debate, the Nun Study did highlight that of
the participants who met the criteria of AD, those with ischemic lesions had poorer cognitive
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function than those with no brain lesions (Marchant et al., 2013; Wang et al., 2016; Snowdon
etal., 1997).

The most common cause of VCID is cerebral small vessel ischemic disease, an age-related
vascular pathology (Yang et al., 2016). Post mortem samples have demonstrated increased
sEH, localized to brain microvascular endothelial cells, and a corresponding increase in
DHETSs, specifically 14,15-DHET in cortical brain tissue from VCI subjects (Nelson et al.,
2014). SEH is more prominent in small than large vessels, particularly in microvessels near
regions of microinfarction, indicating that sEH, and therefore decreased bioavailable EETs,
may play a role in the small vessel ischemic damage underlying VCID.

Alterations in the cerebral microvasculature have a critical role in the age-related decline in
cognitive function. There is increasing evidence that NVC, or functional hyperemia, is
impaired in aging (Zlokovic, 2011; Stefenova et al., 2013; Toth et al., 2017). Tarantini et al.
tested whether NVVC uncoupling itself leads to cognitive deficit; pharmacological
neurovascular uncoupling was modeled in mice by simultaneous inhibition of P450
epoxygenase, NO synthase and COX. CBF in the whisker barrel cortex in response to
whisker stimulation was decreased /n vivo, signifying neurovascular uncoupling. This
uncoupling was sufficient to cause impaired cognitive function, with deficits in learning and
memory and spatial memory, presumably caused by impaired delivery of nutrients via the
blood to active areas of the brain (Tarantini et al., 2015). As discussed above, EETSs play a
prominent role in NVC; it would therefore be pertinent to assess the role of EETs or SEH in
this phenomenon, perhaps leading to the identification of a therapeutic target, such as
inhibiting SEH or increasing EETSs, to alleviate age-related decline in cognitive function due
to NVC uncoupling.

The pathogenesis of AD is unclear; it is likely a complex interaction between genetic and
environmental factors. The hallmark of AD is an excessive accumulation of cytotoxic
amyloid beta (AB), however vascular abnormalities are also prominent in this disease.
Recently it has been demonstrated that CypZ2/2 polymorphisms, rs890293 and rs1155002,
are associated with susceptibility to late-onset AD (LOAD) in humans (Yan et al., 2015;
Geng et al., 2016), associations independent of ApoE-e4. While Cyp2/2rs890293 is
associated with decreased EETs production, this is not known for CypZ2j2rs1155002. AD is
often accompanied by chronic inflammation, since EETs have known anti-inflammatory
roles, inflammation due to decreased EETs may therefore be a contributing factor to this
susceptibility to LOAD. It has been shown that microglial-mediated inflammation is
associated with AD progression, and AD brains show activated microglia and pro-
inflammatory cytokines (Mandrekar-Colucci and Landreth, 2010; Rao et al., 2011).
Although, PLAZ2 is upregulated in human postmortem AD brains, both P450 epoxygenase
transcript and protein are reduced, while inflammatory markers are increased (Rao et al.,
2011) suggesting that decreased EETs may play a role in the pathogenesis of AD.
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In addition to any potential effects on chronic inflammation, EETS protect against Ap-
induced mitochondrial dysfunction in astrocytes /n vitro, a phenomenon suggested to be a
contributing factor to neurodegeneration in both aging and AD (Shetty et al., 2011; Hirai et
al., 2001; Sarkar et al., 2014). Inhibition of P450 epoxygenase activity has detrimental
effects, decreasing mitochondrial membrane potential and increasing mitochondrial
fragmentation, whereas pre-incubation with 11,12- and 14,15-EET prevents both AB-
induced membrane depolarization and fragmentation, and reduces reactive oxygen species
generation. Although EETS are able to protect against this amyloid -induced mitochondrial
dysfunction (Sarkar et al., 2011), Ap reduces P450 epoxygenase activity in cultured
astrocytes and neurons, resulting in decreased EET synthesis. This reduction in EETs further
exacerbates Ap-induced injury, both to astrocytes and presumably neurons as astrocyte-
derived EETSs are reduced, which are protective to neurons. Decreased EETs levels in AD
brains may therefore contribute to neurologic deterioration both by making cells more
vulnerable to AB-induced cellular toxicity, and also by disrupting NVC.

Vascular Risk factors

The diseases discussed above have common mechanisms, namely reduced blood flow,
leading to a level of ischemia, inflammation, and cell loss. It is not surprising therefore that
they also share multiple vascular risk factors that are associated with pathogenesis of disease
and outcome, and in which P450 eicosanoids play important roles.

Hypertension

Hypertension exerts damaging actions on the cerebrovasculature, altering the structure of the
cerebral vessels by vascular hypertrophy and remodeling and by the deposition of
atherosclerotic plaques (Imig et al., 2011; Faraci et al., 1990; Alexander, 1995), thus
impairing the function of cerebral blood vessels. Hypertension consequently can result in
impaired autoregulation and NVC, which are essential to normal brain function, and as
already discussed, uncoupling of the latter is sufficient to cause neurological deficits
(Girouard and ladecola, 2006; Tarantini et al., 2015). Hypertension is therefore a risk factor
for stroke, AD, VCI, SAH and other vascular pathologies (Li et al. 2016; Levine and Langa,
2011; Bromberg et al., 1996). Rodent genetic models of hypertension indicate roles for
CYP2C and CYP4A in the pathophysiology of hypertension; CYP4al4 null mice develop
hypertension as well as increased 20-HETE, and CYP4a10 and CYP2c44 null mice develop
salt-sensitive hypertension (Capdevila et al., 2015), and sEH also plays a role in blood
pressure regulation (Sinal et al., 2000).

The spontaneously hypertensive stroke-prone rat (SHRSP) is a genetic model of spontaneous
hypertension, which exhibits increased sensitivity to cerebral ischemia compared to
normotensive strains. Production of 20-HETE by cerebral vessels, as well as Cyp4al and
Cyp4a8 mRNA levels are elevated in these rats compared to WKY rats. This increase is not
a result of the hypertension itself, therefore also implicating 20-HETE in the development of
hypertension. Infarct in SHRSP is increased compared to WKY, an effect completely
abolished upon 20-HETE inhibition. These rats also demonstrate a loss of CBF
autoregulation in the affected region during reperfusion; hypoperfusion which is prevented
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by 20-HETE blockade (Dunn et al., 2008). The differences in stroke outcome in SHRSP,
compared to normotensive rats is therefore attributable to increased 20-HETE signaling.
Conversely increasing EETs levels by sEH inhibition is protective against cerebral ischemia
in SHRSP (Simpkins et al., 2009).

Hypertension in the elderly increases the risk of stroke, partly due to impaired autoregulation
in response to high blood pressure. While initially these autoregulatory responses adapt, they
eventually become dysfunctional (Castellani et al., 2006). A study comparing pressure-
induced increases in intracellular smooth muscle calcium levels and myogenic tone in
MCAs from young and old hypertensive mice demonstrated that the adaptive responses in
young vessels, pressure-induced myogenic constriction, which protect the thin walled
arterioles and capillaries in the distal portion of the cerebral circulation from pressure
overload, were inhibited by pharmacological inhibition of 20-HETE, whereas administration
of 20-HETE increased calcium levels and caused constriction of the MCA. Vessels from the
aged mice, did not show these protective adaptive increases in pressure-induced calcium and
myogenic tone, and their response to alteration of 20-HETE levels is blunted, demonstrating
that this functional maladaptation observed in the cerebral arteries of the aged mice to
hypertension is, in part, due to a dysregulation of pressure-induced 20-HETE-mediated SMC
calcium signaling (Toth et al., 2013).

Type 1 and type 2 diabetes are characterized by hyperglycemia. Type 2 is commonly
associated with obesity and hypertension. Diabetes is a risk factor for many cerebrovascular
diseases including stroke, AD and VCI (Zhang et al., 2017b; Rincon and Wright, 2013), and
hyperglycemia exacerbates ischemic injury in the brain (Bruno et al., 2010).

Mice treated with streptozotocin (STZ) to induce hyperglycemia, a model of type 1 diabetes,
have increased EPHX2 levels specifically in the cerebral vessels, though not in the brain as a
whole (Jouihan et al., 2013). These mice have decreased EETs levels in the brain, which are
restored by pharmacological SEH inhibition. Not only is diabetes a risk factor, outcome is
worse following cerebral ischemia; infarct size in STZ-treated mice is doubled, a result that
is completely reversed upon sEH inhibition. sEH therefore modulates the hyperglycemia-
induced increased ischemic injury. A high-fat diet in mice, a model of pre-diabetes, is also
sufficient to increase SEH expression in the brain. Type 2 diabetic mice, induced by a high
fat diet in addition to STZ, display decreased CBF during reperfusion and increased infarct
after MCAO; inhibition of sEH is able to both increase CBF and decrease infarct to non-
diabetic control levels (Zuloaga et al., 2014). These studies therefore demonstrate the
involvement of sEH in mediating the detrimental effects of diabetes following cerebral
ischemic insult.

In addition to exacerbating ischemic damage after stroke, a high fat diet in mice causes
impaired cognitive performance in naive mice, as well as augmenting cognitive impairment
in an experimental model of VCI compared to mice fed a low fat diet (Zuloaga et al., 2016).
Although these mice have elevated sEH levels, a mechanistic link is yet to be shown. The
high-fat fed mice have increased markers of glial activation, indicating that increased sEH
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may cause a chronic inflammatory state, which is known to be present in both VCI and AD
(Zuloaga et al., 2016).

Atherosclerosis

SEH has been implicated in the pathogenesis of atherosclerosis and studies have shown that
the Arg287GIn sEH polymorphism, predictive of decreased EET levels, is associated with
increased pathogenesis in humans (Fornage et al., 2004). It is characterized, similar to VVCI
and AD, by chronic inflammation (Cochain and Zernecke, 2017), thereby making sEH
inhibition an attractive therapeutic target. Atherosclerosis is also characterized by aberrant
proliferation of VSMCs; sEH has been implicated in this proliferation, with blockade of SEH
inhibiting the proliferation of a human aortic cell line (Davis et al., 2002).

Conclusions

There are many additional risk factors contributing to cerebrovascular pathology. Many of
these pathologies have in common chronic inflammation, as do the risk factors. Studies have
demonstrated that mice with endothelial-specific expression of human CYP4F2 exhibit 2-
fold increases in 20-HETE levels in both tissue and endothelial cells. Among other effects
outside of the cerebrovascular system, a 3-fold increase in basal serum IL-6 levels is
observed, indicating a systemic pro-inflammatory phenotype (Cheng et al., 2014). This
study therefore supports previous reports of pro-inflammatory actions of CYP4A-derived
20-HETE in human umbilical cord ECs (HUVEC) (Ishizuka et al., 2008). As discussed,
EETSs possess anti-inflammatory properties, while 20-HETE is pro-inflammatory; once
again demonstrating the opposing roles of EETs and 20-HETE. Since inflammation appears
to underlie many of the risk factors of these cerebrovascular pathologies, improving the
balance of EETs and HETEs may serve as an attractive interventional target, both
prophylactically, as well as therapeutically in the face of acute inflammation observed in
acute ischemic attacks.

A further common mechanism of many cerebrovascular pathologies are alterations in CBF
homeostasis, either in NVC or autoregulation, resulting in insufficient nutrient delivery to
target tissues. Again, maintaining an optimal balance between EETs and HETES to preserve
vascular function will improve CBF and neurological disease progression. Increasing EETs
bioavailability has the potential to protect the brain against both acute insults and in reducing
the impact of the contribution of vascular risk factors to the pathogenesis of disease.
However, multiple reports have agreed that delivering EETSs is impractical. As fatty acids,
EETs promptly bind to plasma proteins and are also rapidly converted to DHETS by the
action of sEH; it has been demonstrated in human aorta and coronary artery segments that
93-96% of 14,15-EET was converted into 14,15-DHET by sEH after 6 hours of incubation
(Fang et al., 2004). It is for this reason that SEH has been identified as a therapeutic target of
cerebrovascular diseases and associated risk factors (lliff and Alkayed, 2009; Imig and
Hammaock, 2009).

The identification and characterization of SEH inhibitors is an active field. Two SEH
inhibitors have made it to clinical trial, AR9281 and GSK2256294. AR9281 was tested first
in healthy human subjects and was well tolerated in both sexes, despite a largely male cohort
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(Chen et al., 2012). The drug dose-dependently inhibited blood SEH activity which was
sustained by multiple doses, demonstrating both safety and target inhibition, required before
moving onto further trials. According to www.clinicaltrials.gov AR9281 did subsequently
enter a further clinical trial in patients with mild to moderate hypertension and impaired
glucose tolerance, risk factors outlined above; however although the trial was completed in
2009, no results have been reported, indicating lack of efficacy or the occurrence of serious
adverse reactions. More recently, GSK2256294 was given to healthy males, obese smokers
as well as healthy elderly males and females; this drug also showed dose-dependent
inhibition of blood sEH activity, was well tolerated, with no significant effect of age or
gender on pharmacokinetics. The drug increased forearm blood flow in response to
bradykinin in overweight smokers, which is blunted compared to control group,
demonstrating improved endothelial function, therefore demonstrating promising viability
for further testing (Lazaar et al., 2015; Yang et al., 2017). Further sEH inhibitor drug
discovery is ongoing, with the identification of further drugs, both peripherally restricted, as
well as peripherally and centrally active, already identified, as well as virtual screening to
identify new drugs, potentially leading to future clinical trials (McReynolds et al., 2016;
Waltenberger et al., 2016). The multiple therapeutic applications of inhibitors of SEH have
been reviewed (Shen and Hammock, 2012). Since sEH is a target for multiple diseases in
multiple organs (Harris et al., 2008; Lopez-Vicario et al., 2015), it is not known whether this
will be problematic therapeutically. The implied increased organ-specificity may be a benefit
of the newer-identified peripherally restricted drug, and these many sites of action may or
may not have contributed to the lack of output in the 2009 AR9281 clinical trial. Whether
sEH inhibitors will be effective in females of reproductive age is uncertain due to the SEH-
inhibiting effects of estrogen already discussed (Koerner et al., 2008; Zhang et al., 2009).
Non-pharmacological routes may also be effective at increasing endogenous EETS; we have
reported recently that ultrasound stimulation of cerebrovascular endothelial cells increases
EETSs production. It remains to be determined whether this may provide a non-
pharmacological means of increasing endogenous EETS levels in an organ-targeted manner
(Davis et al., 2015).

List of abbreviations

AA Avrachidonic acid

ACh Acetylcholine

AD Alzheimer’s disease
ADP Adenosine diphosphate

AUDA 12-(3-adamantan-1-yl-ureido) dodecanoic acid

aSAH Aneurysmal subarachnoid hemorrhage
BDNF Brain derived neurotrophic factor
CBF Cerebral blood flow

CSF Cerebrospinal fluid
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CYP
COX
DHET
EC
EDHF
EET
HETE
Kca
LOX
MCA
MCAO
mGIuR
MS-PPOH
NO
NOS
NVC
OGD
OVX
P450
PGE2
PI3K
PKC
PLA2
PUFA
ROS
SAH
SMC
STz

TS-011

Cytochrome P450

Cyclooxygenase

Dihydroxyeicosatrienoic acid

Endothelial cell

Endothelial derived hyperpolarizing factor
Epoxyeicosatrienoic acid
Hydroxyeicosatetraenoic acid
Large-conductance Ca%*-activated K* channels
Lipoxygenase

Middle cerebral artery

Middle cerebral artery occlusion

Metabotropic glutamate receptor

N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide

Nitric oxide

Nitric oxide synthase
Neurovascular coupling
Oxygen glucose deprivation
Ovariectomy

Cytochrome P450
Prostaglandin E2
Phosphoinositide 3-kinase
Protein kinase C
Phospholipase A2
Polyunsaturated fatty acid
Reactive oxygen species
Subarachnoid hemorrhage
Smooth muscle cell

Streptozotocin

N-(3-chloro-4-morpholin-4-yl) phenyl- A/ -hydroxyimido formamide
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TxB2 Thromboxane B2
VCID Vascular cognitive impairment and dementia
VSM Vascular smooth muscle
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FIGURE 1. Structure of EETs and HETES regioisomers generated from arachidonic acid by
cytochrome P450 enzymes

Cytochrome P450 enzymes generate eicosanoids from arachidonic acid; epoxygenases
generate epoxyeicosatrienoic acids (EETS), w hydroxylases generate
hydroxyeicosatetraenoic acids (HETES). The regioisomer generated is determined by
insertion of epoxide or hydroxyl group in relation to the carbon placement of arachidonic
acid. EETs are further metabolized to dihydroxyeicosatrienoic acids (DHETS) by soluble
epoxide hydrolase (SEH).
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FIGURE 2. Endogenous 8,9-, 11,12- and 14,15-EET are present in brain microvascular
endothelial cultures

A: representative images of endothelial cultures immunolabeled in red for the endothelial
markers CD31, CD34, CD102, and von Willebrand factor (VWF); cell nuclei were labeled in
blue with Hoechst 33342. B and C: ECs were also immunolabeled with the astrocyte marker
glial fibrillary acidic protein (GFAP; B) and microglial marker ionized Ca2+-binding
adapter molecule 1 (Ibal; C) in green. Primary astrocytes and microglia were used as
positive controls. D. Representative liquid chromatography-tandem MS (LC-MS/MS)
chromatogram of 14,15-, 11,12- and 8,9-EET unstimulated primary mouse brain endothelial
cell extracts. Culture and LC-MS/MS described in Davis et al., 2015.
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FIGURE 3. EETs play a prominent role in neurovascular coupling; matching cerebral blood
flow to the metabolic demands of neurons

Active neurons release glutamate (Glut) into the synaptic cleft, which stimulates generation,
and release, of EETSs by astrocytes. Released EETs cause hyperpolarization and relaxation of
surrounding vascular smooth cells (VSMC), resulting in increased vasodilation and cerebral
blood flow, increasing the supply of oxygen and nutrients to neurons.
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