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Soluble Epoxide Hydrolase Regulates Hydrolysis of
Vasoactive Epoxyeicosatrienoic Acids

Zhigang Yu, Fengyun Xu, Linn M. Huse, Christophe Morisseau, Alison J. Draper, John W. Newman,
Carol Parker, LeRae Graham, Marguerite M. Engler, Bruce D. Hammock,
Darryl C. Zeldin, Deanna L. Kroetz

Abstract—The cytochrome P450-derived epoxyeicosatrienoic acids (EETs) have potent effects on renal vascular reactivity
and tubular sodium and water transport; however, the role of these eicosanoids in the pathogenesis of hypertension is
controversial. The current study examined the hydrolysis of the EETs to the corresponding dihydroxyeicosatrienoic
acids (DHETSs) as a mechanism for regulation of EET activity and blood pressure. EET hydrolysis was increased 5- to
54-fold in renal cortical S9 fractions from the spontaneously hypertensive rat (SHR) relative to the normotensive
Wistar-Kyoto (WKY) rat. This increase was most significant for the 14,15-EET regioisomer, and there was a clear
preference for hydrolysis of 14,15-EET over the 8,9- and 11,12-EETs. Increased EET hydrolysis was consistent with
increased expression of soluble epoxide hydrolase (sEH) in the SHR renal microsomes and cytosol relative to the WKY
samples. The urinary excretion of 14,15-DHET was 2.6-fold higher in the SHR than in the WKY rat, confirming
increased EET hydrolysis in the SHR in vivo. Blood pressure was decreasetl i22n Hg £<<0.01) 6 hours after
treatment of SHRs with the selective sEH inhibifdjN’-dicyclohexylurea; this treatment had no effect on blood
pressure in the WKY rat. These studies identify SEH as a novel therapeutic target for control of blood pressure. The
identification of a potent and selective inhibitor of EET hydrolysis will be invaluable in separating the vascular effects
of the EET and DHET eicosanoidCirc Res 2000;87:992-998.)
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icosanoids produced by renal cytochromes P450 (CYPs) potassium channels and hyperpolarization of the vascular

have potent effects on vascular tone and tubular ion and smooth musclé.Indeed, a CYP2C epoxygenase catalyzes the
water transport and have been implicated in the control of blood formation of 11,12-EET that acts as an endothelial-derived
pressuré. The major products of CYP-catalyzed arachidonic hyperpolarizing factor in coronary arterieRecently, the
acid metabolism are regio- and stereoisomeric epoxyeicosatrie-EETs were shown to have anti-inflammatory effects in
noic acids (EETs) and 20-hydroxyeicosatetraenoic acid (20- endothelial cells, suggesting that these eicosanoids also play
HETE). The EETs are further metabolized by soluble (SEH) and an important role in vascular inflammatiérilydrolysis of
microsomal (mEH) epoxide hydrolases to form the correspond- the EETSs to the corresponding DHETSs generally is regarded
ing dihydroxyeicosatrienoic acids (DHETSs). CYP enzymes can as one mechanism whereby the biological effects of the EETs
also catalyze the formation of 19-HETE and other subterminal are attenuated or eliminatéddowever, the DHETs them-
HETES in smaller quantities. selves have inherent effects on vascular totgnd their role

In the renal microcirculation 20-HETE produces potent in the regulation of blood pressure cannot be dismissed.

vasoconstriction by inhibiting large-conductance, calcium-  Alterations in renal vascular resistance are evident in the
activated potassium channels leading to vascular smoothspontaneously hypertensive rat (SHR) and are proposed to
muscle depolarizatiob.In contrast, both vasodilator and play an important role in resetting the pressure-natriuresis
vasoconstrictor properties have been attributed to the EETs,relationship and the development of hypertengiofhe CYP
depending on the vascular bed and EET regioiséhter. eicosanoids are recognized as potent mediators of vascular
Vasodilatory properties of the EETs have been associatedtone and have been implicated in these vascular changes.
with increased open-state probability of calcium-activated Recent studies indicate that renal 20-HETE and EET forma-
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tion and urinary excretion are increased in the SHR relative to 1:2000-fold dilution of horseradish peroxidase-conjugated goat anti-
the normotensive Wistar-Kyoto (WKY) rat-14Whether the rabbit IgG. Immunoreactive proteins were visualized using an ECL
increase is causative or compensatory is unknown. The detection kit (Amersham Life Science).

opposing effects of. th_e .EET and HETE .elcosanqu. oN pNase Protection Assays

vascular tone make it difficult to predict their effect in vivo RNase protection assays for quantification of SEH mRNA levels

and emphasize the importance of understanding the factorswere performed as described previously using a riboprobe corre-
that regulate their formation and degradation. Modulation of sponding to 383 to 775 bp of the cDNA.

CYP enzyme activities in these rats is associated with ) )
changes in blood pressafee however, the utility of this ~ DHET Urinary Excretion _
approach has been limited by the ability of multiple Cyp Methods used to quantify endogenous EETs and DHETS present in
isoforms to catalyze these reactions and by the general lack Ofrat urine were described previouthand in detail in the online data

o / T / supplement.
selectivity of available CYP inhibitors and inducers. A novel
alternative for modulating the levels of the vasoactive EET Other Enzyme Assays
and DHET eicosanoids is regulation of EET hydrolysis to the Activities of mEH and sEH were determined usiig-stilbene oxide
corresponding vicinal diols. The regulation of EET hydrolysis (cSO) andtrans-1,3-diphenylpropene oxide (tDPPO), respectively,
in the SHR kidney and the effect of modulation of EH activity exactly as degcribe@@olnhibition of recombinant sEH by DCU was
on regulation of blood pressure are explored in the present measured using tDPPO.
study. Both in vitro and in vivo evidence demonstrate that giatistics
increased blood pressure is associated with increased sEHstatistical significance of differences between mean values was
expression and EET hydrolysis in the SHR. Furthermore, evaluated by a one-way ANOVA or a Student’gest. Significance
inhibition of EET hydrolysis with a tight binding sEH  was set at & value of <0.05.
inhibitor can reverse the hypertensive phenotype in the SHR. AN expanded Materials and Methods section can be found in an
These data also describe novel inhibitors for characterizing online data supplement available at hitp:/wwiw.circresaha.org.
the distinct biological properties of the EET and DHET

, , Results
eicosanoids. .
Renal EET Hydrolysis
Materials and Methods A dramatic increase in DHET formation in incubations of
Animals arachidonic acid with SHR renal cortical microsomes relative

to the WKY samples (data not shown) led us to hypothesize
Male SHR and WKY rats 3 to 13 weeks of age were purchased from that EET hvdrolvsi b ttered in thi . tal
Charles River Laboratories (Wilmington, Mass). The University of a yaro ySIS. may De altered n . '_S expenmenta
California San Francisco Committee on Animal Research approved model of hypertension and that EH activity may be an
all animal use. Rats were anesthetized with methoxyflurane, and important determinant of blood pressure regulation. Both
kidneys were dissected and removed as described previtsiyor mEH and sEH are expressed in most tissues and species,
the sEH inhibition studies, groups of 8-week-old male SHRs and although constitutive levels of SEH in both hepatic and

WKY rats were treated daily for 1 to 4 days wia 3 mg/kg IP dose L . .
of N,N'-dicyclohexylurea (DCU) in a 1.5:1 mixture of corn oil and extrahepatic tissues are low in the fatligher rates of EET

DMSO. Systolic blood pressure was measured at room temperaturehydrolysis in cytosol versus microsomes and preference of
by a photoelectric tail-cuff system (model 179, IITC, Inc) for up to sEH for endogenous arachidonate epoxide pools are consis-
4 days after the dose of inhibitor. Blood pressures are reported as thetent with the majority of EET hydrolysis being catalyzed by
average of 3 separate readings during a 30-minute period. Urine WaSsEe Direct hydrolysis of the regioisomeric EETs was
collected for 24 hours immediately after a dose of DCU or vehicle ' . . L
for quantification of DHET and EET excretion. Similar inhibiton ~Measured in S9 fractions (containing both the soluble and
studies were performed with equimolar dosesNefyclohexylN'- microsomal forms of EH) from WKY and SHR renal cortex.
dodecylureaN-cyclohexylN’'-ethylurea, and dodecylamine. The hydrolysis of 8,9-, 11,12-, and 14,15-EET in S9 fractions
. . . . . from both WKY and SHR kidneys was measurable (Figure
Renal Microsomal Arachidonic Acid Metabolism 1), with a significant increase in hydrolysis in the SHR
I?\nv?tr(l)z(ljze-[e:?n)i/r?;tiool%/ilfsarachidonic acid epoxygenase activity was relative to the WKY. For example, 8,9- and 11,12-EET
performed as described previoushis Hydrolysis of [13CJEETs hydrolysis rates were 5- to 15-fo!d higher in the SHR than the
was measured in WKY and SHR renal fractions as descfibed. WKY, and 14,15-EET hydrolysis was as much as 54-fold
Detailed descriptions of these procedures are contained in the onlinehigher in the SHR. These data also showed a distinct
data supplement. preference of SEH for the 14,15-EET regioisomer. In the SHR
kidney hydrolysis of 14,15-EET was 10-fold higher than that

e of 8,9- and 11,12-EET. Similar studies were also performed
Renal and hepatic microsomes and cytosol (4 toukf) were

separated on an 8% SDS-polyacrylamide gel and transferred to using a mixture of unlabeled EETs and detection by gas

nitrocellulose in Towbin’s buffer. Primary antibodies used in these Chromatography-mass spectrometry (GC-MS). The hydroly-
studies were a rabbit anti-mouse sEH antiséfuand a rabbit sis ratio from these studies was 20:7:1 for 14,15-EET:11,12-
anti-rat mEH antiserum kindly provided by Drs Franz Oesch and EET:8,9-EET (data not shown). This is consistent with the
Michael Arand (University of Mainz, Mainz, Germany). A second  reference observed with the individual regioisomers (Figure
rabbit anti-mouse sEH antiserum was recently prepared in our 1) O | tion f int diate | | of hvdrolvsis of
laboratory against recombinant mouse sEH expressed in insect cell ). One explanation for an in erme. late evg ofhydro y§|s_o

culture. Western blots were incubated with a 1:1000- (mEH) or the 11,12-EET when measured in the mixture and similar

1:2000-fold (SEH) dilution of the primary antibody followed by a  hydrolysis of the 11,12- and 8,9-EETs when measured

Western Immunoblotting
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Figure 2. Soluble epoxide hydrolase expression is increased in

c. 5E 5000 the SHR kidney and liver relative to the WKY. A, Microsomal
%2 L4 proteins from WKY (W) and SHR (S) renal cortex were separated
g g 4000 . on a 8% SDS-polyacrylamide gel, transferred to nitrocellulose,
£ g 3000 and blotted with antisera against rat mEH (top) or mouse sEH
EE 2000 (bottom). The age of the rats is indicated on the top of the blot.
oE B, Microsomal (top) and cytosolic (bottom) proteins from WKY
e2 1000 (W) and SHR (S) cortex, outer medulla and liver were separated
TS 0 o —0 and transferred as described above and blotted with antisera

0 2 4 6 8 10 12 14 against mouse sEH. A renal cortex sample from a Sprague-
Age (wks) Dawley (SD) rat and a purified recombinant sEH protein sample
are also included on the blot. Immunoreactive proteins were
Figure 1. Hydrolysis of regioisomeric EETs is increased in the detected by chemiluminescence. The blots are representative of
SHR kidney relative to the WKY. The hydrolysis of 11,12-EET the results from 3 to 6 animals per experimental group.

(A), 8,9-EET (B), and 14,15-EET (C) was measured in incuba-
tions of WKY (O) and SHR (@) renal S9 fractions with

[1-"*CJEETs (50 umol/L). Metabolites were extracted from the The high Igvgls of expression of sEH ?n the SHR micro-
incubation mixture and quantified by HPLC with radiometric somes were limited to the renal cortex (Figure 2B). SEH was
detection. Hydrolysis rates for each age and strain from 2 sepa- hardly detectable in SHR outer medulla and liver microsomes

rate animals are shown, and the line is drawn through the aver-

age value. by Western blot. In contrast, relatively high levels of sEH

were detected in SHR cortex, outer medulla, and liver cytosol

. ) ) ) (Figure 2B). In the WKY rats, the level of SEH protein was

separately is that the relative concentrations of the ISOMers  nitormly low in both microsomes and cytosol from the
change during the course of the incubation with the EET iqney and liver. SEH protein in the normotensive Sprague-
mixture, thereby affecting the competition of these 3 sub- payey rat kidney was also hardly detectable. Increased SEH

strates for the enzyme. expression in SHR versus WKY rats provides an explanation
) _ for the increased EET hydrolysis in the SHR kidney and the
Epoxide Hydrolase Expression absence or very low levels of 14,15-EET hydrolysis, the

To investigate the possibility that altered EH expression is preferred sEH substraten the WKY kidney.
responsible for the differences in EET hydrolysis in the SHR  The mechanistic basis for the dramatic difference in SEH
and WKY rat renal microsomes and S9 fractions, we mea- protein levels between WKY and SHR kidneys was investi-

sured EH protein levels in these samples. Control studies gated with the use of RNase protection assays. SsEH RNA was
demonstrated that the rabbit anti-mouse SEH antisera cross-

reacted with rat SEH but not mEH, and that the rabbit anti-rat Age (wks) 3 . 5 7 0 13
mEH antisera did not cross-react with rat sEH (data not WS WS WS WS WS W S

shown). mEH was abundantly expressed in the renal micro- = = == —sEH
somes at relatively cpnstant levels throughout.developmer?t, P —
and there was no evidence of altered expression of mEH in ; - - - -

the SHR kidney (Figure 2A). sEH was detected easily in SHR : 4 - - =

cortical microsomes but not in the corresponding WKY

samples (Figure 2A). Quantitation of the immunoreactive Figure 3. sEH RNA levels are increased in the SHR kidney rela-
protein bands indicated that levels of sEH protein in the SHR tive to the WKY. Total cortical RNA was prepared from WKY (W)

; _ _ ; -~ and SHR (S) kidneys and used for RNase protection assays.
microsomes were 6- to 90-fold higher than the corresponding RNA was hybridized with a rat SEH and a rat GAPDH probe.

levels in the WKY microsomes. This differential pattern of = The autoradiograms are representative of 3 to 6 animals per
SEH expression in the WKY and SHR microsomes was experimental group. The age of the animals is indicated on the

confirmed using a second antibody against the enzyme top of the gel. Autoradiograms were visualized with a Phosphor-
Imager and analyzed using ImageQuant software. The sEH sig-

(online Figu'te 1; available in the online data supplement at s expressed relative to the GAPDH signal for purposes of
http://www.circresaha.org). quantification.
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2.5 the SHR relative to the WKY rat, consistent with the
* increased EET hydrolysis and sEH expression in SHR kid-
ney. In contrast, the 8,9- and 11,12-DHET urinary excretion
in the SHR and WKY rats were similar.

Inhibition of sEH and Effect on Blood Pressure
A tight binding sEH specific inhibitor, DC3! was used to
reduce sEH activity in vivo and to determine the effect of
decreased EET hydrolysis on blood pressure. DCU was
administered to 8-week-old SHRs daily for 4 days, and
urinary DHET excretion was measured during the 24 hours
immediately after the third dose. The dose of DCU was based
on in vitro estimates of inhibitory potency and previous
8,9-DHET  11,12-DHET  14,15-DHET studies in the mous.A significant 65% decrease in 14,15-
Figure 4. Urinary DHET excretion in the WKY and SHR. Urine DHET urinary excretion occurred in the DCU-treated rats,
was collected for 24 hours from untreated WKY rats (solid bars) and a corresponding 30% increase in 14,15-EET urinary

and SHR (hatched bars). DHETs were extracted from urine and excretion relative to vehicle-treated controls (Figure 5
quantified by GC-MS as described in Materials and Methods. (Fig )

DHET Urinary Excretion
(ng/mg creatinine)

The values shown are the mean=SE of 4 animals per strain. consistent with DCU-mediated inhibition of SEH in vivo. The
Significant differences between WKY and SHR are indicated excretion of total epoxygenase-derived products (EETs and
(P<0.0005). DHETSs) was decreased from 2020 pg/mg creatinine in the

vehicle-treated animals to 1237 pg/mg creatinine in the
detected in both WKY and SHR kidneys with a 5- to 12-fold pCu-treated ratsR<0.05). This inhibition of 14,15-DHET
increase in expression in the SHR samples (Figure 3). This is excretion was accompanied by a significant decrease in blood
consistent with the corresponding increase in sEH protein pressure measured in conscious animals 3 to 5 hours after the
levels in the SHR kidney (Figure 2). In addition to the major fourth dose (data not shown). Systolic blood pressure de-
protected fragment of predicted size, a slightly smaller creased from 1285 mm Hg in the vehicle-treated rats to
fragment was detected in all the SHR samples. Additional 1092+5 mm Hg P<0.01) in the DCU-treated animals.
smaller protected fragments were also found in the SHR but study of the time course of the effect of a single dose of
not in the WKY kidneys. This raises the possibility that a pcy (3 mg/kg) demonstrated that the antihypertensive effect
second mRNA with a structure very similar to the cloned SEH j, the SHR was acute (Figure 6A). Blood pressure was
is also expressed in the SHR kidney at much higher levels gecreased 224 mm Hg 6 hours after DCU treatment
than in the WKY kidney. (P<0.01) and returned to baseline levels by 24 hours after the
dose. DCU had no effect on blood pressure in the WKY rats
(Figure 6B). This is consistent with the very low levels of
sSEH protein in the WKY kidney. Several additional structur-
ally related inhibitors were also studied in the SHR.
N-CyclohexylN’-dodecylurea is a sEH inhibitor with similar
potency to DCU (IG, with mouse sEH-0.05+-0.01 com

Epoxide Hydrolase Activity

Increased sEH activity in the SHR kidney was confirmed
independently using the sEH substrate tDPPO. Consistent
with the Western blots, there was a 26-fold increase in tDPPO
hydrolysis in the SHR cortical cytosol relative to that in the
WKY rat cortical cytosol (online Table 1; available in the
online data supplement at http://www.circresaha.org). The
corresponding difference in the microsomal fraction was
32-fold. Hydrolysis of tDPPO was also significantly higher in
SHR versus WKY rat liver microsomes and cytosol. In
contrast, mEH activity, as measured by cSO hydrolysis, was
increased only slightly in SHR kidney cortex and liver
microsomes and liver cytosol relative to the WKY rat (online
Table 1). The sEH activity in microsomes as a fraction of the
total cellular sEH activity was 2% to 9%, consistent with a
low level of cytosolic contamination of microsomes.

Urinary Excretion
(pg/mg creatinine)

DHET Urinary Excretion

. A 14,15- 14,15- 11,12- 11,12- 8,9- 8,9-
Urinary excretion of DHETs was measured to evaluate EET DHET EET DHET EET  DHET

whether increased sEH expression and EET hydrolysis in the
SHR was also apparent in vivo. Urine was collected in
untreated 4- and 8-week-old SHR and WKY rats, and their with vehicle (solid bars) or DCU (hatched bars) daily for 3 days.
DHET excretion rates are shown in Figure 4. The excretion EETs and DHETs were extracted from urine and quantified by

Figure 5. Inhibition of DHET formation by DCU treatment in the
SHR. Urine was collected for 24 hours after treatment of SHR

rates were similar for the 4- and 8-week-old animals, and the GC-MS as described in Materials and Methods. The values =
shown are the mean=SE of 4 animals per strain. Significant dif-

repqrted numbers_ are averages from all samples O_f a gi_\/enferences between vehicle- and DCU-treated SHR are indicated
strain. The excretion of 14,15-DHET was 2.6-fold higher in (P<0.05).
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Figure 6. The effect of sEH inhibition on blood pressure in the
SHR and WKY. Male SHR (A) and WKY (B) rats were treated
with a single 3 mg/kg dose of DCU (@) or vehicle (O). Systolic
blood pressure was measured with a photoelectric tail cuff for
up to 96 hours after the dose. The values shown are the
mean=SE from DCU- and vehicle-treated rats (n=>5 per group).
Baseline systolic blood pressure was 1433 mm Hg in the
SHRs and 1182 mm Hg in the WKY rats. Blood pressure
decreased an average of 22 mm Hg in the DCU-treated SHRs 6
hours after the dose (P<0.01) and was unaffected by DCU in
the WKY rats.

pared with 0.090.01 umol/L for DCU; C. Morisseau and B.
Hammock, unpublished data, 2000). A single dose of
N-cyclohexylN’-dodecylurea significantly decreased systolic
blood pressure 22 mm Hg 6 hours after the dose, and
similar to DCU, blood pressure returned to normal by 24
hours after the dose (online Figure 2A). TNecyclohexyl-
N'-ethylurea analog is a weak sEH inhibitor {@ith mouse
SEH=51.7+0.7 umol/L; C. Morisseau and B. Hammock,

>
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Figure 7. Inhibition of EET hydrolysis by DCU. The formation of

[1-'%C]11,12- (A), 8,9- (B), and 14,15-DHET (C) from [1-"“C]EETs
(50 wmol/L) was measured in SHR renal S9 fractions in the

unpublished data, 2000) and had no effect on blood pressurepresence of increasing concentrations of DCU. The values

in the SHR (online Figure 2B). Likewise, the selective mEH
inhibitor dodecylamine also had no effect on blood pressure

shown are the average of 2 samples per concentration,
expressed as percent of control. The difference between the
individual values was 7% to 33%. Control formation rates were

(online Figure 2C). Collectively, these data suggest that the 7193 pmol/min per mg protein for 14,15-DHET, 538 pmol/min

effect of DCU andN-cyclohexylN’'-dodecylurea on blood
pressure is related to their ability to inhibit SEH and EET
hydrolysis in vivo.

The decreased 14,15-DHET excretion after treatment with
DCU was consistent with a decrease in renal sEH activity.
Inhibition of EET hydrolysis by DCU was confirmed in
incubations of renal S9 fractions with the regioisomeric EETs
(Figure 7). A dose-dependent inhibition of EET hydrolysis by
DCU was apparent for all 3 regioisomers. DCU had the most
significant effect on the hydrolysis of 8,9-EET, inhibiting this
reaction with an IG of 0.086+0.014 umol/L. The corre
sponding IG, values for inhibition of 11,12- and 14,15-EET
hydrolysis were 0.540.08 and 0.4%0.16 umol/L, respec-
tively. Because of the large difference in hydrolysis of the
regioisomeric EETs by sEH, it was not possible to use the
same amount of enzyme to measure an,|l@r DCU
inhibition for these substrates. At a concentration of enzyme
half of that used for 8,9- and 11,12-EET, thegGor
14,15-EET is similar to that for 11,12-EET and 5-fold higher
than that for 8,9-EET. Thus, at a given concentration of DCU,
sEH hydrolysis of 14,15-EET will be inhibited to a lesser

per mg protein for 11,12-DHET, and 595 pmol/min per mg pro-
tein for 8,9-DHET.

does not inhibit mER! The potent inhibition of SEH by
DCU was confirmed with purified recombinant rat sEH. DCU
inhibited sEH-catalyzed tDPPO hydrolysis withka of 34
nmol/L (online Figure 3). This is similar to th€; values for
DCU with human (30 nmol/L) and murine (26 nmol/L)
SEH21

Discussion

EET and DHET eicosanoids are recognized as potent medi-
ators of vascular tone and have been implicated in the
pathogenesis of hypertensidh11.23 The data presented

herein provide substantial evidence of a primary defect in
SEH expression in the SHR kidney, and of an antihyperten-
sive effect of sSEH inhibition. Accordingly, inhibition of EET

hydrolysis increased EET levels and decreased DHET levels
in vivo. Whether the antihypertensive effect is caused by a
protective effect of EETs and/or a deleterious effect of the
DHETs cannot be discerned. Indeed, the ratio of these

degree than that of the other two regioisomers, consistenteicosanoids may be the major determinant of their effect on

with the higher preference of the enzyme for this isomer. At
concentrations up to 2emol/L, DCU had no effect on CYP
epoxygenase ab-hydroxylase activity (data not shown), and
previous studies from our laboratory have shown that DCU

vascular tone and blood pressure. The fact that DHETSs are
increased in SHR and that blood pressure is reduced coinci-
dent with decreased DHET formation suggests that the
primary defect in renal SEH expression identified in the SHR
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kidney is causal and that high levels of DHETSs are detrimen- regioisomet and the preference of the EH in renal S9
tal. These data provide evidence that the DHETs may be fractions for 14,15-EET. Although the hydrolysis of all the
important regulators of blood pressure and identify SEH as a regioisomeric EETs was increased in SHR renal fractions,
novel therapeutic target for the treatment of hypertension. only 14,15-DHET urinary excretion was increased in vivo.
Whether increased levels of DHETS are sufficient to increase This in vivo-in vitro discrepancy most likely reflects sequen-
blood pressure or whether they modulate the response totial metabolism of the DHETS or limiting efflux mechanisms
other factors involved in vascular reactivity and blood pres- that may operate only in the intact cell or organ.
sure regulation remains to be determined. These data may provide a link between the pathophysio-
Progress in understanding the role of the EET and DHET |ogical regulation of blood pressure in rats and hunfdns.
eicosanoids in the regulation of vascular tone is limited by the During pregnancy 8,9- and 11,12-DHET excretion is in-
lack of selective and stable inhibitors and mimics. In many creased significantly, and excretion of 11,12- and 14,15-
cases, in vitro and in situ studies do not Separate the effects OfDHET is increased even further in patien[s with pregnancy-
the EETs from those of the corresponding DHETS, making it jnduced hypertension. This increase is most dramatic for
difficult to assign specific properties to these eicosanoids. 14 15-DHET, the major product of SEH-catalyzed EET hy-
EETs are generally considered antihypertensive because ofyrolysise The present results in the SHR support the hypoth-
their vasodilatory properties; however, vasoconstrictor effects ggis that altered SEH expression may be responsible for the
have also been attributed to the EETSs, depending on thehypertension observed in pregnant women. In this regard, the
vascular bed and species that are studied. After systemiCgpstantial interindividual variation in SEH expression in
administration to rats, both 5,6- and 8,9-EET caused a h mans is well establishé&2® Furthermore, we have re-
dose-dependent vasoconstriction and decrease in glomerulagenyy giscovered several single nucleotide polymorphisms
filtration rate which was cyclooxygenase-dependefitin within the human sEH gene that result in amino acid
contrast, studies using a rat juxtamedullary nephron prepara-g p<titutions (D.C. Zeldin, unpublished data, 2000). The

tic_)n_lchara(;[erliEzEe_lq 11[2’12f9'EEfThaS§H%9|Eem vasodillatér. functional characteristics of these polymorphisms, and their
Similar to the S, the effect of the s on vascular tone frequency distribution in normal and hypertensive popula-

is highly dependent on the vascular bed, species, and exper
imental system that is studié@4-2¢ For example, 11,12-
DHET produces a vasodilatory effect on porcine coronary
artery rings and a vasoconstrictive effect on rat interlobular
and afferent arterioles, whereas 5,6-DHET attenuates the
vasoconstrictive effect of 5,6-EET2¢ The novel sEH inhib-
itors described herein will be valuable reagents for further
dissecting the vascular effects of the EETs and DHETSs both
in vivo and in vitro.

The hydrolysis of each of the major regioisomeric EETs
was increased dramatically in the SHR relative to the WKY
rat because of increased sEH expression in the SHR kidney. ; ) ) ;
This increased hydrolysis results in altered levels of the systolic _b|°°d pressure. _Th'sf antihypertensive effect was
vasoactive EET and DHET eicosanoids that are implicated in @Cute, with a maximal decline in blood pressure 6 hours after
the control of blood pressure. Although these data suggest? dose and complete recovery to bgselme levels by 24 hours
that increased EET hydrolysis is an important regulator of &ftér the dose. The antihypertensive effects of DCU are
blood pressure, it is clearly not the sole mechanism for the gttrlbuted to |ts.|nh|b|t|0n of E.ET hydrolysis in vivo, because
SHR phenotype. In the SHR, blood pressure rises steadily It Nas no effectin WKY rats with very low expression of sEH;
between 4 and 13 weeks of age, in contrast to the relatively @nother sEH inhibitor with similar potency also decreases
constant expression of SEH during this period. EET hydroly- Plood pressure. Similarly, a weak sEH inhibitor and a
sis is also highest in prehypertensive SHR, suggesting thatSelective mEH inhibitor have no effect on blood pressure.
these changes in SEH expression might be most important inRecently, inhibition of arachidonic acid-hydroxylase
the early development of hypertension. Several lines of (CYP4A) activity with a mechanism-based CYP inhibitor has
evidence support a major role for sEH in the hydrolysis of effectively lowered blood pressure in the SHRCombined
EETs in the SHR model of hypertension_ First, studies with inhibition of CYP4A, resulting in decreased levels of the
human and rabbit liver and rabbit lung indicate a 10-fold Vasoconstrictive 20-HETE eicosanoid, and sEH, leading to
higher EET hydration rate in cytosol than in microsomes, and increased levels of the vasodilatory EETs, would be predicted
EET hydrolysis is catalyzed by purified sEHSecond, to cause either an additive or synergistic reduction in blood
increased hydrolysis of EETs in SHR renal subcellular pressure. Inhibition of related CYP isoforms is a potential
fractions compared with the WKY samples was consistent limitation of w-hydroxylase inhibition, but is of little concern
with the dramatic increase in sEH expression in the SHR with sEH inhibition in light of the recent development of
kidney. Finally, the hydrolysis of 14,15-EET was absent or potent and specific urea, carbamate, and amide inhibitors of
very low in the WKY microsomes and S9 fractions that have SEH?* The possibility of similar pharmacological changes in
only minimal expression of SEH protein. This is consistent SEH activity in human hypertensive populations is compel-
with the strong preference of purified sEH for the 14,15-EET ling. Identification of individuals with elevated sEH activity

tions are currently being investigated.

The in vitro and in vivo evidence for increased EET
formation and hydrolysis in the SHR kidney suggested that
accelerated elimination of EETs may contribute to the hyper-
tensive phenotype in the SHR, and it raised the question of
whether sEH may be a novel therapeutic target for the
treatment of hypertension. Initial studies with the selective
tight binding sEH inhibitor DCB@' and several structural
analogs support this approach. Inhibition of sEH by DCU in
vivo was evident from urinary EET and DHET excretion
measurements and was associated with a 15% reduction in
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and lower EET levels may prove useful in designing the most
effective antihypertensive therapy.

11.

In summary, we have described an increased expression of;,
SEH in the SHR kidney that leads to increased EET hydro-
lysis. Increased hydrolysis of the antihypertensive EETS is
proposed as an important determinant of the hypertensive
phenotype in this model. Consistent with this hypothesis is

the reduction of blood pressure associated with significant 14.

inhibition of EET hydrolysis. These data suggest that the
modulation of sEH may have therapeutic uses for the treat-

ment of hypertension. Selective sEH inhibitors also may have 15,

more general clinical applications in altering processes where
in vivo levels of EETs and DHETSs are involved, and will be
invaluable in characterizing the vasoactive effects of the
EETs and DHETSs.

17.
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