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EPOXYEICOSATRIENOIC ACIDS (EETs) are potent vasodilator agents
that act as endothelial-derived hyperpolarizing factors operating through calcium-activated potassium channels (6). Soluble
epoxide hydrolase (SEH) metabolizes EETs to less active
dihydroxyeicosatrienoic acids (DHETs) (9, 10). Recently, an
orally active SEH inhibitor, 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA), was found to largely attenuate angio-
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tensin II (ANG II)-induced hypertension in mice (13). Similarly, AUDA and another SEH inhibitor, 1-cyclohexyl-3-dodecylurea (CDU), both attenuated ANG II-induced hypertension
in rats (11, 42). However, in male stroke-prone spontaneously
hypertensive rats (SHR), AUDA failed to affect blood pressure
(BP) at the dosage used, although it did reduce the size of
cerebral infarcts (3), and CDU only had a transient antihypertensive effect in male SHR (41). Indeed, some potent SEH
inhibitors with promising pharmacokinetics failed to reduce BP
over a period of 8 h in adult SHR even when used at very high
doses (31, 32).
In light of the findings in ANG II-induced hypertension in
mice and rats, failure of SEH inhibition to lower BP in some
experiments in SHR is remarkable, as it is well known that
inhibition of the renin-angiotensin system has a marked antihypertensive effect in SHR (34). One potential explanation for
this inconsistency is related to the polymorphisms in cytoplasmic epoxide hydrolase-2 (Ephx2) gene, which results in different haplotypes with low vs. high Ephx2 gene expression.
Indeed, although upregulation of renal Ephx2 gene expression
has been documented in SHR from the Charles River stock
between 3 and 18 wk (3, 7, 20, 30), this was not found in SHR
from several other suppliers, where there was also no relation
between SEH protein abundance and BP (7, 20). However,
besides the Ephx2 haplotypes, the developmental stage of the
rats when SEH is inhibited may affect progression and hence
attenuation of hypertension in SHR.
Hypertension in the SHR is multifactorial, and target organ
damage develops only after many months. It remains unclear
whether SEH plays a pathogenic role during initiation or early
development of hypertension in SHR before development of
target organ damage. Previously, we were able to persistently
reduce high BP in SHR offspring, especially females, by
perinatal treatment with antioxidants and vitamins or with
agents that improve NO availability (14, 25). In addition, we
found, using microarray, enhanced renal Ephx2 gene expression in female SHR from 2 days to 48 wk (38). The hypothesis
of the present study is that perinatal SEH inhibition persistently
reduces BP in adult female SHR despite discontinuation of
SEH inhibition at an early age.
To this end, two questions were addressed. 1) Does reduction of activity of SEH with the SEH inhibitor AUDA during
the perinatal period persistently lower BP in SHR offspring,
and more so in females than in males? 2) Does inhibition of
SEH in young female SHR inhibit development of hypertension?
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generation and maintenance of high blood pressure in spontaneously hypertensive rats. Am J Physiol Endocrinol Metab 300: E691–E698, 2011. First
published January 25, 2011; doi:10.1152/ajpendo.00710.2010.—We hypothesized that perinatal inhibition of soluble epoxide hydrolase
(SEH), which metabolizes epoxyeicosatrienoic acids in the arachidonic acid (AA) cascade, with an orally active SEH inhibitor, 12-(3adamantan-1-yl-ureido)-dodecanoic acid (AUDA), would persistently
reduce blood pressure (BP) in adult SHR despite discontinuation of
AUDA at 4 wk of age. Renal cytoplasmic epoxide hydrolase-2
(Ephx2) gene expression was enhanced in SHR vs. WKY from 2 days
to 24 wk. Effects of perinatal treatment with AUDA, supplied to SHR
dams until 4 wk after birth, on BP in female and male offspring and
renal oxylipin metabolome in female offspring were observed and
contrasted to female SHR for direct effects of AUDA (8 –12 wk).
Briefly, inhibition of SEH was effective in persistently reducing BP in
female SHR when applied during the perinatal phase. This was
accompanied by marked increases in major renal AA epoxides and
decreases in renal lipoxygenase products of AA. Early inhibition of
SEH induced a delayed increase in renal 5-HETE at 24 wk, in contrast
to a decrease at 2 wk. Inhibition of SEH in female SHR from 8 to 12
wk did not reduce BP but caused profound decreases in renal 15(S)HETrE, LTB4, TBX2, 5-HETE, and 20-HETE and increases in
TriHOMEs. In male SHR, BP reduction after perinatal AUDA was
transient. Thus, Ephx2 transcription and SEH activity in early life may
initiate mechanisms that eventually contribute to high BP in adult
female SHR. However, programmed BP-lowering effects of perinatal
SEH inhibition in female SHR cannot be simply explained by persistent reduction in renal SEH activity but rather by more complex and
temporally dynamic interactions between the renal SEH, lipoxygenase, and cyclooxygenase pathways.
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Age effects. The enhanced gene expression of Ephx2, previously observed in female SHR (38), was confirmed at all
ages compared with age- and sex-matched WKY (P ⬍ 0.001;
females Fig. 1A; males Suppl. Fig. S2). Moreover, in 29-wk
female rats, SEH activity was much higher in SHR than in
WKY (P ⬍ 0.001; Fig. 1B).
There were no significant effects of age on renal epoxides
[epoxyoctadecenoic acid (EpOME) and EET] in female SHR
(see Controls in Table 1). However, renal diols [dihydroxyoctadecenoic acid (DiHOME) and DHET] varied
strongly with age in control SHR, showing a marked increase
from 2 wk to 12 wk (all P ⬍ 0.01) and then reversion to low
levels at 29 wk, which were similar to those seen at 2 wk.
Consequently, renal epoxide-to-diol ratios (EPOME/DiHOME
and EET/DHET) were markedly reduced at 12 wk (P ⬍ 0.01).
Similarly 15(S)-HETrE (hydroxyeicosatrienoic acid) was increased at 12 wk (P ⬍ 0.05). However, 9,12,13-TriHOME
(9,12,13-trihydroxyoctadec-10-enoic acid) was increased in
29-wk SHR (P ⬍ 0.05).
As expected, aging in female SHR was accompanied by
marked increases in proinflammatory metabolites in the kidney
(see Controls in Table 2). Renal prostanoids and leukotriene
B4 (LTB4), approximately doubled from 2 wk to 12 wk (P ⬍
0.05) and further increased in 29-wk SHR (P ⬍ 0.05 vs. 12 wk
and P ⬍ 0.01 vs. 2 wk). 8-hydroxyeicosatetraenoic acid (8HETE) also increased with age. Lipoxin A4 (LXA4), thromboxane B2 (TBX2), 5-HETE, and 20-HETE showed marked
increases from 2 wk to 12 wk and then reverted to very low
levels in 29-wk SHR.
Protocol 1: perinatal SEH inhibition in female and male
SHR. From 2 wk before birth, pregnant SHR were treated with
SEH inhibitor AUDA or dextrin alone in drinking water. This
was continued until weaning when the pups were 4 wk. Some
pups were killed at 2 wk, when the pups were still entirely
dependent on maternal intake, to study direct effects of SEH
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Animals. SHR (Harlan-Olac Oxon, UK) and Wistar-Kyoto rats
(WKY; Harlan-Olac) were housed at 22°C, humidity 60%, and
exposed to a 12:12-h light-dark cycle. They were fed regular chow
(Special Diets Services, Witham, Essex, UK). Sentinel animals were
housed under the same conditions and regularly monitored for infection by nematodes and pathogenic bacteria and antibodies for rodent
viral pathogens (International Council for Laboratory Animal Science,
Nijmegen, The Netherlands). The Utrecht University Board for Studies in Experimental Animals approved the protocol.
SHR and WKY were bred. Kidneys were isolated from female and
male SHR and female and male WKY at 2 days and 2 wk and kidney
cortex at 24 wk (n ⫽ 8, 6, and 8 for female SHR; n ⫽ 7, 6, and 10 for
male SHR; n ⫽ 6, 8, and 5 for female WKY; n ⫽ 8, 6, and 8 for male
WKY at these respective ages). Renal cortical gene expression of
Ephx2 was analyzed.
Medication. AUDA [12-(3-adamantan-1-yl-ureido)-dodecanoic
acid] is a potent [rat IC50 ⫽ 11 nM using CMNPC as substrate (36)]
[Suppl. Fig. S1 (supplementary materials are found with the online
version of this paper at the Journal website)] and selective SEH
inhibitor. However, its high lipophilicity and melting point, low water
solubility and rapid ␤-oxidation make careful formulation critical to
obtain effective blood concentrations (Suppl. Fig. S1 and Suppl. Table
S1). AUDA was dissolved at a dose of 25 mg/l in drinking water
containing 2-hydroxypropyl-␤-cyclodextrin (“dextrin”; 10 g/l; SigmaAldrich) that was sonicated for ⬃1 h (13). AUDA concentrations in
drinking water, determined by LC-MS analysis in (⫹) ion mode (see
supplemental information and Suppl. Table S2), were 29 ⫾ 1 mg/l
(mean ⫾ SD, n ⫽ 6) in freshly prepared water and decreased to 20 ⫾
1 mg/l in prepared water after 6 days at room temperature (n ⫽ 3).
Therefore, drinking water solutions were refreshed four times a week.
To verify uptake of AUDA, we measured urinary excretion of
AUDA, and its primary ␤-oxidation metabolite 4-(3-adamantan-1yl-ureido)-butanoic acid (AUBA) in eight female and seven male pups
from two AUDA-treated litters by liquid-liquid extraction with ethyl
acetate followed by LC-MS analysis (see supplementary information)
and in the 12-wk-old females that had been treated with AUDA from
8 wk of age. Furthermore, at 2 wk, when the pups were still entirely
dependent on maternal intake, we measured AUDA and AUBA in
renal tissue homogenates of treated and control pups.
Protocol 1. From day 7 of gestation, SHR females and their female
and male offspring until 4 wk of age received either dextrin (10 g/l
drinking water) or the SEH inhibitor AUDA (25 mg/l). Systolic BP
(SBP) was regularly measured using tail cuff starting at 4 wk. At a
younger age, SBP measurement is not feasible. At 28 –30 wk, mean
arterial pressure (MAP) and renal hemodynamics were measured.
Urine (24-h) was collected at 4, 8, and 20 wk.
Protocol 2. From age of 8 wk, female SHR were treated with the
SEH inhibitor AUDA (25 mg/l, n ⫽ 8) or dextrin only (10 g/l, n ⫽ 8)
for 4 wk. At the end of the treatment (12 wk), MAP and renal
hemodynamics were measured. SBP was measured regularly. Urine
(24-h) was collected before starting treatment and after 1 and 4 wk of
treatment.
Measurements under anesthesia. MAP and renal function were
measured under anesthesia as previously described (14, 25) (see
supplemental data).
SEH activity assay. Kidney tissue of 28- to 30-wk-old female rats
was homogenized in sodium phosphate buffer (100 mM, pH 7.4) with
a protease inhibitor (PMSF, 1 mM), centrifuged at 10,000 g for 10
min, and the remaining supernatant was centrifuged at 100,000 g for
1 h to obtain the 100,000-g soluble fraction (cytosolic fraction).
[3H]t-DPPO (trans-diphenylpropene oxide) radioactive partition assays were performed to detect the SEH activity in these separated
cytosolic fractions (19). A BCA protein assay was used to detect the
protein concentrations to calculate the specific activity in the cytosolic
fractions.

Quantitative profiling method for oxylipin metabolome by liquid
chromatography electrospray ionization tandem mass spectrometry.
Renal oxylipins of female SHR were extracted using solid-phase
extraction (SPE) followed by liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-MS-MS) analysis (40).
Briefly, 250 l of renal homogenate was put onto a C18 SPE cartridge
with an antioxidant and internal standard solution (surrogate solution)
and then pulled through the cartridge under low vacuum. After the
samples were bound to the cartridge, oxylipins were eluted by ethyl
acetate and evaporated to dryness with a vacuum centrifuge. The
samples were then reconstituted with 50 l of internal standard
solution and run on Q-TRAP and submitted for LC-MS analysis.
Gene expression study. Renal cortex was isolated, snap-frozen, and
further processed for gene expression study. In protocol 1, the gene
expression of Ephx2 was analyzed by quantitative PCR (qPCR) using
Taqman Gene Expression Assays (Applied Biosystems, Foster City,
CA) as previously described (38). Genes studied were Ephx2
(Rn00576023) and 18S (Hs99999901) as a housekeeping gene. Calculation of the gene expression is based on 2⫺⌬⌬CT with age-matched
WKY as the calibrator group.
Statistics. Data are shown as means ⫾ SE. One-way analysis of
variance (ANOVA) was performed on terminal data. Two-way
ANOVA was performed on longitudinal data. Skewed data were
log-transformed to achieve normality and equal variance. Where
appropriate, ANOVA was followed by a Student-Newman-Keuls post
hoc test.
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Fig. 1. Epoxide hydrolase-2 (Ephx2) gene expression
and soluble epoxide hydrolase (SHE) enzyme activity
in renal cortex of female spontaneously hypertensive
(SHR) and Wistar-Kyoto rats (WKY) at different ages.
Kidneys were isolated at 2 days and 2 wk and kidney
cortex at 24 wk (n ⫽ 8, 6, and 8 for SHR; n ⫽ 6, 8, and
5 for WKY at these respective ages). A: SHR groups
were compared with age-matched WKY as calibrator
group for Ephx2 gene expression. B: specific activity of
SEH in 28- to 30-wk SHR was compared with agematched WKY. #P ⬍ 0.01 vs. WKY.

renal prostanoids, TBX2, or 8-HETE and 20-HETE. However,
renal 5-HETE and its metabolites LXA4 and LTB4 were
reduced by more than 50% (P ⬍ 0.05; Table 2).
Although AUDA levels were below the detection limit (5
ng/ml) in all urine samples, treated pups excreted considerable
amounts of AUBA at the end of treatment at 4 wk (females,
5,212 ⫾ 1,467; males, 365 ⫾ 150 ng·24 h⫺1 ·100 g body wt⫺1;
Suppl. Fig. S2). By 8 wk (4 wk after stopping treatment),
AUBA excretion was still detectable in all urine samples but
had decreased by ⬃99% in females and males, respectively
(23 ⫾ 5 and 5 ⫾ 1 ng·24 h⫺1 ·100 g body wt⫺1 in females and
males, respectively, P ⬍ 0.001 vs. 4 wk). Negligible amounts
of AUBA could be measured at 20 wk in five samples in
females (3 ⫾ 2 ng·24 h⫺1 ·100 g body wt⫺1) and in seven
samples in males (3 ⫾ 1 ng·24 h⫺1 ·100 g body wt⫺1), but
AUBA detection was undetectable (⬍9 ng/ml) in the other
samples. Neither AUDA nor AUBA was detected in urine
samples of control rats (n ⫽ 6: 3 females and 3 males) at any
age. Note that although AUBA excretion at 4 wk was more

Table 1. Renal EpOME, DiHOME, EET, DHET, TriHOME, and 15(S)-HETrE (g/g tissue) and sum EpOME/DiHOME and
EET/DHET ratios in 2-, 12-, and 29-wk (28- to 30-wk) control SHR or SHR with 4 wk of AUDA treatment at 2 wk
(treatment from 2 wk before birth; AUDA) or 12 wk (treatment from 8 to 12 wk of age; AUDA) or at 29 wk (28 –30 wk;
treatment from 2 wk before birth to 4 wk of age; perinatal AUDA)
2 wk

12 wk

29 wk

2-Way ANOVA

Age

Control

AUDA

Control

AUDA

Control

Perinatal AUDA

Age

AUDA

Interaction

n
EpOME
DiHOME
EpOME/DiHOME
EET
DHET
EET/DHET
9,10,13-TriHOME
9,12,13-TriHOME
15(S)-HETrE

4
36 ⫾ 7
21 ⫾ 6
2.1 ⫾ 0.5
186 ⫾ 28
33 ⫾ 7
6.6 ⫾ 1.6
32 ⫾ 4
58 ⫾ 7
56 ⫾ 12

5
29 ⫾ 2
12 ⫾ 3e
3.0 ⫾ 0.55
180 ⫾ 8
23 ⫾ 7
11.4 ⫾ 3.3
16 ⫾ 2e
29 ⫾ 4
24 ⫾ 5e

3
26 ⫾ 6
182 ⫾ 13b
0.15 ⫾ 0.05b
169 ⫾ 18
219 ⫾ 40b
0.84 ⫾ 0.20b
28 ⫾ 3
34 ⫾ 5
111 ⫾ 16a

5
32 ⫾ 8
188 ⫾ 31b
0.16 ⫾ 0.04b
116 ⫾ 17
240 ⫾ 54b
0.56 ⫾ 0.10b
107 ⫾ 9b,f
124 ⫾ 11b,f
15 ⫾ 9f

8
37 ⫾ 4
14 ⫾ 2d
2.8 ⫾ 0.3d
209 ⫾ 20
17 ⫾ 2a,d
13.2 ⫾ 1.7a,d
20 ⫾ 2
153 ⫾ 30a,d
76 ⫾ 17

9
55 ⫾ 5b,d,f
16 ⫾ 1d
3.7 ⫾ 0.5d
282 ⫾ 22b,d,f
27 ⫾ 4d
12.2 ⫾ 1.9d
28 ⫾ 2b,d
86 ⫾ 25b,e
42 ⫾ 8e

0.07
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
0.002
NS

NS
NS
NS
NS
NS
NS
⬍0.001
NS
⬍0.001

(0.07)
0.07
NS
0.025
(0.07)
NS
⬍0.001
⬍0.001
0.029

Values are means ⫾ SE. See text for definitions. aP ⬍ 0.05, bP ⬍ 0.01 vs. 2 wk; cP ⬍ 0.05, dP ⬍ 0.01 vs. 12 wk; eP ⬍ 0.05, fP ⬍ 0.01 vs. control.
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inhibition on renal AUDA and AUBA content (females and
males) and renal oxylipins (only females). AUDA was ⬍5
ng/ml in all samples, but kidneys of treated pups (females and
males) contained considerable amounts of AUBA (379 ⫾ 102
ng/ml), whereas AUBA was not detected in control kidneys.
These data conclusively demonstrated that oral administration
of AUDA via drinking water to the dams resulted in considerable intake in their pups.
At 2wk, there were no significant direct effects of SEH
inhibition in female SHR on epoxides, but DiHOME were
decreased by ⬃50% (P ⬍ 0.05; Table 1). Quantitatively, both
9(10)- and 12(13)-DiHOME contributed equally to this reduction (Suppl. Table S3). The DHETs also tended to decrease
(Suppl. Table S3). However, overall, renal epoxide-to-diol
ratios were not affected directly by SEH inhibition for either
EPOME/DiHOME or EET/DHET (Table 1). In addition,
9,10,13-TriHOME and 15(S)-HETrE decreased in response to
maternal SEH inhibition (P ⬍ 0.05; Table 1). At 2 wk, there
were also no significant direct effects of SEH inhibition on
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Table 2. Renal prostaglandins (PGE2, PGD2, 6-keto-PGF1a, PGJ2), LXA4, LTB4, TBX2, and 5-, 8-, and 20-HETE (g/g
tissue) in 2-, 12-, and 29-wk (28 –30 wk) control SHR or SHR with 4 wk of AUDA treatment either at 2 wk (treatment from
2 wk before birth; AUDA) or 12 wk (treatment from 8 to 12 wk of age; AUDA) or at 29 wk (28 –30 wk; treatment from 2 wk
before birth to 4 wk of age; perinatal AUDA)
2 wk

12 wk

29 wk

2-Way ANOVA

Age

Control

AUDA

Control

AUDA

Control

Perinatal AUDA

Age

AUDA

n
PGE2
PGD2
6-keto-PGF1a
PGJ2
LXA4
LTB4
TBX2
5-HETE
8-HETE
20-HETE

4
25 ⫾ 7
11 ⫾ 3
17 ⫾ 3
0.2 ⫾ 0.1
1.32 ⫾ 0.20
2.7 ⫾ 0.4
3.6 ⫾ 0.6
124 ⫾ 29
27 ⫾ 3
21 ⫾ 8

5
33 ⫾ 9
11 ⫾ 3
12 ⫾ 1
0.2 ⫾ 0.1
0.51 ⫾ 0.11f
1.1 ⫾ 0.1e
3.7 ⫾ 0.9
54 ⫾ 12e
14 ⫾ 2
16 ⫾ 4

7
71 ⫾ 7a
40 ⫾ 11a
26 ⫾ 7
1.3 ⫾ 0.4b
3.2 ⫾ 0.5a
4.5 ⫾ 0.7
24 ⫾ 2b
524 ⫾ 68b
75 ⫾ 12b
130 ⫾ 12b

5
70 ⫾ 20
46 ⫾ 10a
31 ⫾ 7
0.9 ⫾ 0.1a
1.86 ⫾ 0.13b
0.9 ⫾ 0.2f
9.7 ⫾ 0.6b,f
162 ⫾ 10b,f
77 ⫾ 6b
64 ⫾ 16b,e

8
186 ⫾ 41b,f
147 ⫾ 28b,c
119 ⫾ 22b,d
1.4 ⫾ 0.2b
0.49 ⫾ 0.13b,d
8.7 ⫾ 1.9a,c
6.2 ⫾ 0.7a,d
22 ⫾ 7b,d
89 ⫾ 23a
10 ⫾ 1d

9
75 ⫾ 32f
40 ⫾ 20f
44 ⫾ 19f
0.4 ⫾ 0.2d,f
0.83 ⫾ 0.14d
3.2 ⫾ 1.5f
4.6 ⫾ 0.4d
56 ⫾ 10d,f
33 ⫾ 10a,d,f
19 ⫾ 3d,e

0.002
⬍0.001
0.004
⬍0.001
⬍0.001
0.006
⬍0.001
⬍0.001
⬍0.001
⬍0.001

NS
(0.06)
(0.06)
0.030
(0.07)
⬍0.001
0.002
(0.07)
0.006
NS

Interaction

0.031
0.010
0.049
0.009
0.003
NS
0.037
⬍0.001
0.048
0.005

Values are means ⫾ SE. See text for definitions. aP ⬍ 0.05, bP ⬍ 0.01 vs. 2 wk; cP ⬍ 0.05, dP ⬍ 0.01 vs. 12 wk; eP ⬍ 0.05, fP ⬍ 0.01 vs. control.

were ⬃50% higher in 29-wk rats perinatally treated with
AUDA than in age-matched control rats, and, in contrast to
control rats, there were also significant age-related increases
for EpOME and EET. These changes were due to increases in
all classes of EpOME and EET (Suppl. Table S3). Age-related
increases vs. 2 wk were also seen for the TriHOMEs. Thus,
regarding effects on renal epoxides, there was quite significant
interaction between perinatal treatment with AUDA and aging.
In contrast, perinatal AUDA had less overall effect on renal
diols except for consistent decreases in 15(S)-HETrE (Table 1).
However, several diols (Suppl. Table S3), as well as 9,10,13TriHOME and 15(S)-HETrE (Table 1) showed interaction
between age and AUDA effects (all P ⬍ 0.05). Overall renal
epoxide-to-diol ratios were not affected in 29-wk SHR by
perinatal SEH inhibition.
Similarly, perinatal treatment with AUDA, although without
any direct effects on renal prostaglandins, TBX2, or 8-HETE at
2 wk, reduced these proinflammatory metabolites, often by
more than 50%, at 24 wk (Table 2). Thus age-related proinflammatory effects on renal prostanoids LTB4, TBX2, and
8-HETE were partially reversed by perinatal treatment with
AUDA, as illustrated by significant interaction (P ⬍ 0.05). In
contrast, renal 5-HETE content was increased by ⬃50% (P ⬍
0.05; Table 2), thus completely reversing the age-related re-

Fig. 2. Effect of perinatal SEH inhibition with AUDA
[12-(3-adamantan-1-yl-ureido)-dodecanoic acid] on
development of blood pressure in female SHR. Systolic blood pressure from 4 to 24 wk (A) and terminal
mean arterial pressure (MAP) at 29 wk (B) in female
SHR offspring. Control, n ⫽ 18 from 6 litters; perinatal AUDA, n ⫽ 13 from 5 litters. #P ⬍ 0.05 vs.
SHR control.
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than an order of magnitude higher in females than in males, by
20 wk, levels of AUBA excretion had decreased to similar
trace levels.
Perinatal AUDA persistently reduced SBP in female SHR
offspring from 8 wk onward (Fig. 2A) and in male SHR from
8 wk to 16 wk (Suppl. Fig. S4). Body weight was increased by
perinatal AUDA from 8 wk in female and male SHR (Suppl.
Fig. S5).
At the end of the experiment, the MAP measured under
anesthesia at 28 –30 wk was decreased by perinatal AUDA in
adult female offspring (P ⬍ 0.05; Fig. 2B) but not in adult male
offspring (Suppl. Fig. S4). There were no significant differences in kidney weight or fractional electrolyte excretions
(Suppl. Tables S4 and S5), although GFR and ERPF were
slightly lower in adult SHR males after perinatal AUDA.
Twenty-four-hour protein excretion, which was very low in
control adult SHR females, was even lower in adult SHR
females exposed to perinatal AUDA (P ⬍ 0.05; Suppl. Table
S4). Proteinuria was not affected by perinatal AUDA in adult
SHR males (Suppl. Table S5).
Remarkably, perinatal treatment with AUDA (until weaning
at 4 wk), although without any direct effects on renal epoxides
at 2 wk, had marked incremental effects on renal epoxides at
29 wk (Table 1). Indeed EpOME, EET, and 9,10,13-TriHOME
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DISCUSSION

EETs are thought to have a stabilizing effect on BP. They
reduce BP under conditions of hypertension (particularly in
ANG II or DOCA models) and increase BP under conditions of
hypotension. Thus the SEH inhibitors, which preserve EETs,
generally have the same effects. The SHR rat is a complex
model due to genetic diversity in general and increased expression of Ephx2 in particular. Indeed, inhibiting SEH in young
female SHR with AUDA from 8 to 12 wk of age did not affect

the development of hypertension in the present study. In
contrast, after inhibiting SEH during the perinatal phase, the
female offspring showed persistently reduced BP compared
with untreated SHR. This effect was therefore sustained long
after the SEH inhibitor had been cleared from the system.
Although inhibiting SEH had few direct effects on renal
epoxides, diols, or prostanoids, there were many long-term
programmed effects such as marked increases in EpOME and
EET, and equally profound decreases in renal prostaglandins,
LTB4, and 8-HETE. Whether these changes are cause or
consequence of the ameliorated hypertension is discussed below. Certainly these changes in regulatory lipids could be
involved in the protection of kidneys and other organs. Apparently, programmed effects of perinatal treatment on BP in SHR
cannot be simply explained by persisting changes in anatomic
structures or functional pathways.
Initially, we documented a strong life-long increase in
Ephx2 gene expression in SHR by use of independent techniques: microarray (38) and real-time PCR. Upregulation of
renal Ephx2 gene expression has been documented in SHR
derived from the Charles River stock between 3 and 18 wk of
age (3, 7, 20, 30); however, this was not found in SHR from
other suppliers (7, 20). We have been able to persistently
reduce BP by several different perinatal treatments in SHR that
came from the Harlan-Olac stock (14, 25). In this strain, we
currently investigated renal Ephx2 gene expression and
showed that female and male SHR from Harlan-Olac also have
strongly increased Ephx2 gene expression compared with normotensive WKY (Harlan-Olac) from birth to old age. This
encouraged us to continue the study of SEH inhibition in SHR
with these Harlan-Olac strains.
Starting SEH inhibition 2 wk before to 4 wk after birth
persistently reduced BP (⬃15 mmHg) in female SHR up to 29
wk of age. This novel finding suggests that SEH plays an
important role in the initiation and maintenance of hypertension in female SHR. However, in male SHR perinatally treated
with AUDA, although BP was initially and similarly reduced
from 8 to 12 wk, BP was no longer reduced from 16 wk
onward, and there was also no reduction in directly measured
MAP at 29 wk. This sex difference was not unexpected,
because previously we had also observed less pronounced
antihypertensive effects of perinatal treatment in male than in
female SHR (14, 25). Unexpectedly, AUBA excretion was
much higher at 4 wk in AUDA-treated females than in males.

Fig. 3. Blood pressure development during SEH inhibition with AUDA from 8 to 12 wk of age in female
SHR. Control, n ⫽ 8; AUDA, n ⫽ 8. A: systolic blood
pressure; B: terminal MAP.
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duction. Thus, with respect to renal 5-HETE and 20-HETE
content, direct and programmed effects of perinatal SEH inhibition were completely opposite, as was highlighted by very
significant interaction (P ⬍ 0.01).
Protocol 2: SEH inhibition in female SHR from 8 to 12 wk.
Because the antihypertensive effect of perinatal SEH inhibition
with AUDA persisted up to 28 wk only in female SHR and the
most marked antihypertensive effect in female SHR was observed during the developmental stage of hypertension from 8
to 12 wk of age, AUDA was supplied to female SHR from 8
wk of age for a period of 4 wk. At 12 wk, oral administration
of AUDA also induced high levels of AUBA in the urine
(5,245 ⫾ 513 ng·24 h⫺1 ·100 g body wt⫺1) of these female rats.
Remarkably, during the 4 wk of treatment, SBP was not
significantly affected (Fig. 3A) despite intake of comparable
amounts of AUDA as in 4-wk-old weanling female SHR
(based on AUBA excretion; see Suppl. Fig. S2, A and C). After
4 wk of AUDA, there were also no effects on MAP (Fig. 3B),
body and organ weights, renal hemodynamics, and 24-h protein excretion, except that the fractional excretion of sodium
(FeNa) was increased in the AUDA-treated group (P ⬍ 0.01;
Suppl. Table S6).
At 12 wk, there were also no significant direct effects of
SEH inhibition on renal total epoxides or on DiHOME and
DiHETErE (Table 1), although 12(13)-EPOME/DiHOME and
11(12)-EET/DHET ratios were decreased (both P ⬍ 0.05).
Interestingly, AUDA induced marked direct increases of the
TriHOMEs and decreased 15(S)-HETrE (all P ⬍ 0.01). There
was also no direct effect of AUDA on renal prostaglandins.
However, AUDA directly decreased LTB4, TBX2, 5-HETE,
and 20-HETE but not 8-HETE (Table 2).
A simplified pathway of metabolites originating from arachidonic acid (AA) and a brief summary of the above-mentioned results are shown in Suppl. Fig. S6.
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vealed dynamic communication between the SEH, lipoxygenase, and cyclooxygenase pathways. The current study reveals
that, during the development of hypertension (12), such dynamic communication also exists in the kidney of SHR. Renal
inflammation is known to be an early event in SHR, an
increased number of inflammatory cells already being observed
at 3 wk of age (1, 26, 27). To our knowledge, the present study
is the first in which the renal oxylipin metabolome has been
studied in the different developmental phases of hypertension.
Finally, a host of changes occurred in the renal oxylipin
metabolome of 29-wk female SHR with lower BP after perinatal SEH inhibition. Many of these can be viewed as being
secondary to BP reduction, such as increases in some EpOMEs
and EETs, 9,12,13-TriHOME, and 20-HETE, and decreases in
several prostaglandins (PGE2, PGD2, 6-keto-PGF1␣, PGJ2)
and 8-HETE. Decreases in renal prostaglandins and urinary
prostaglandin excretion often accompany BP reduction in other
rodent models of hypertension (2, 4, 29) and are probably not
specific for SEH inhibition. Indeed, in 12-wk SHR without BP
reduction, SEH inhibition increased 9,12,13-TriHOME, quite
the reverse effect. Opposite effects of SEH inhibition and BP
reduction were also observed for 20-HETE that was decreased
in 12-wk SHR after SEH inhibition and increased in 29-wk
SHR after perinatal inhibition. Such differences also emphasize that the programming effects of perinatal SEH inhibition
are not simply due to persistent reductions of SEH activity.
However, exactly how long-term resetting of BP control occurs
by perinatal SEH inhibition remains elusive.
A remarkable observation was the very high level of several
oxylipins in young female SHR at 12-wk. This included renal
diols (DiHOME and DHET) as well as LXA4, TBX2,
5-HETE, and 20-HETE. The pathophysiology of hypertension
consists of three phases: early development (initiation), development, and maintenance. In female SHR, BP increases up to
12 to 16 wk and then stabilizes, whereas in male SHR, BP
increases up to ⬃20 wk (14, 25). In the developing male SHR
kidney, the production rates of DHETs were persistently increased severalfold vs. WKY from 3 to 13 wk (22, 41). This
increase diminished with age, as was also found in the present
study in female SHR kidney. Renal CYP4A2 mRNA levels
and 20-HETE formation increase more in young SHR than in
young WKY (15), and multiple CYP enzymes fall in their
activity in SHR from 9 to 13 wk and stay down at 20 wk (21).
Moreover, drugs that inhibit 20-HETE formation reduce BP in
young SHR (16, 35, 37, 39). Similarly, drugs that inhibit
thromboxane synthase ameliorate the increase in BP in young
SHR (8, 24). Thus, high levels of these renal oxylipins in
young SHR probably contribute to the steady increase in BP.
Unfortunately the efficacy of such drugs is rarely tested in
hypertensive rats older than 3 mo.
Hypertensive actions of P-450-dependent AA metabolites in
the development of hypertension in SHR are well known (21).
Thus the age-related increases in controls were not unexpected.
Interestingly, long-term effects of perinatal SEH inhibition
partially reversed most of these changes in conjunction with a
reduction in BP. Whether these changes in renal prostanoids
are the cause or the consequence of changes in BP is uncertain;
however, programming effects on this axis have been recognized previously. Hypertensive effects of maternal low-protein
diet are associated with increased renal PGE2 up to 12 wk (33),
in concordance with the reduction of renal PGE2 and antihy-

300 • APRIL 2011 •

www.ajpendo.org

Downloaded from ajpendo.physiology.org on March 29, 2011

We have no explanation for this because body weights were
already 10% higher at that age in males, suggesting normal
intake of milk in the male pups. Conceivably, there are sexrelated differences in compartmentalization or metabolism of
AUDA at this early age. Note, however, that tissue levels at 2
wk of age, measured in both males and females, were quite
high. Importantly, by 20 wk, AUBA excretion had fallen to
negligible levels in females and males, but BP was still reduced
in females but not in males. All in all, we conclude that, after
perinatal administration of AUDA up to 4 wk, persistent
effects observed for up to 6 mo after stopping treatment in
adult rats do not depend on direct effects of AUDA or its
metabolites.
Because the most profound reduction in BP in perinatally
treated female SHR was observed between 8 and 12 wk of age,
we tested whether inhibiting SEH in female SHR with AUDA
for 4 wk, starting at 8 wk of age, would reduce BP. Strikingly,
this was not the case. This unique constellation of findings in
female SHR allows dissection of changes in the renal oxylipin
metabolome directly associated with SEH inhibition from
those associated with persistent BP reduction. At least three
patterns emerge.
In female SHR, inhibiting SEH from 8 to 12 wk directly
induced 12(13)-DiHOME, 9,10,13-TriHOME, and 9,12,13TriHOME. These changes were clearly not related to any
change in BP. In fact, in 29-wk-old rats with lower BP after
perinatal SEH inhibition, 9,12,13-TriHOME was reduced.
Similarly, inhibiting SEH in 8- to 12-wk SHR directly reduced
8(9)-EET, 5-HETE, and 20-HETE, whereas in 29-wk rats with
lower BP after perinatal SEH inhibition, all three are increased.
These contrasting patterns strongly suggest that persistent effects of perinatal SEH inhibition on BP in 29-wk SHR are not
due to persistent changes in renal oxylipins. In a previous
microarray study in SHR, we also failed to identify persistent
changes in differential gene expression during and after perinatal treatment with dietary micronutrients despite persistent
decrements in BP (38), underscoring the notion that persistent
changes in functional pathways need not underlie persistent decreases in BP after perinatal treatment. Other mechanisms must
be sought.
Direct effects of SEH inhibition on the renal oxylipin
metabolome in 2-wk SHR included reductions in 12(13)DiHOME, 5(6)-DHET, 14(15)-DHET, 9,10,13-TriHOME,
15(S)-HETrE, LXA4, LTB4, and 5-HETE. Of these, only
15(S)-HETrE and LTB4 were also reduced in 29-wk rats, with
lower BP after perinatal SEH inhibition. Thus actions of
15(S)-HETrE and LTB4 in the juvenile kidney of SHR may
indeed be important for long-term BP control. Although no
information is available on the presence or action of 15(S)HETrE in the kidney, our study suggests that this oxylipin may
be viewed as a candidate factor for the development of hypertension. Leukotriene B4 and 5-HETE are well-known proinflammatory end products of the 5-lipoxygenase pathway (23,
28). Interestingly, although both were directly reduced by SEH
inhibition in kidneys of 2-wk and 12-wk SHR, after perinatal
SEH inhibition the levels in 29-wk SHR kidneys were divergent: LTB4 remained low, while 5-HETE levels increased,
suggesting resetting of the 5-lipoxygenase pathway by perinatal SEH inhibition. Recently, we studied the plasma oxylipin
metabolome in two conditions associated with inflammation:
myocardial infarction and sepsis (17, 18). Both models re-
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pertensive effect after perinatal AUDA that we observed in
29-wk SHR. AUDA, one of the first SEH inhibitors developed,
also is a weak PPAR␣ agonist (5). It is unlikely that the levels
of AUDA present in these experiments will reach concentrations needed to act as a PPAR agonist.
SHR perinatally exposed to AUDA demonstrated persistent
growth enhancement in direct contrast to SHR perinatally exposed
to a mixture of arginine, taurine, and vitamins C and E (ATCE),
where growth was impeded (25). Considering that both perinatal
ATCE and perinatal AUDA had long-term antihypertensive effects in female SHR, this clearly dissociates growth effects from
changes in BP in this paradigm. Urinary protein excretion was
slightly reduced in adult female SHR after perinatal AUDA.
Whether this confers any long-term benefit is unknown.
In conclusion, Ephx2 gene transcription was increased
throughout the first year of life in Harlan-Olac SHR compared
with WKY. Despite this, only temporary inhibition of SEH
with AUDA during the perinatal phase was effective in persistently reducing BP in female SHR. Thus, SEH may contribute to the initiation of mechanisms that eventually result in
high BP in adult female SHR.
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