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Sporková A, Kopkan L, Varcabová Š, Husková Z, Hwang SH,
Hammock BD, Imig JD, Kramer HJ, Červenka L. Role of cyto-
chrome P-450 metabolites in the regulation of renal function and
blood pressure in 2-kidney 1-clip hypertensive rats. Am J Physiol
Regul Integr Comp Physiol 300: R1468–R1475, 2011. First published
March 16, 2011; doi:10.1152/ajpregu.00215.2010.—Alterations in
renal function contribute to Goldblatt two-kidney, one-clip (2K1C)
hypertension. A previous study indicated that bioavailability of cyto-
chrome P-450 metabolites epoxyeicosatrienoic acids (EETs) is de-
creased while that of 20-hydroxyeicosatetraenoic acids (20-HETE)
is increased in this model. We utilized the inhibitor of soluble
epoxide hydrolase cis-4-[4-(3-adamantan-1-yl-ureido)-cyclohexy-
loxy]-benzoic acid (c-AUCB) and HET-0016, the inhibitor of
20-HETE production, to study the role of EETs and 20-HETE in
the regulation of renal function. Chronic c-AUCB treatment sig-
nificantly decreased systolic blood pressure (SBP) (133 � 1 vs.
163 � 3 mmHg) and increased sodium excretion (1.23 � 0.10 vs.
0.59 � 0.03 mmol/day) in 2K1C rats. HET-0016 did not affect SBP
and sodium excretion. In acute experiments, renal blood flow (RBF)
was decreased in 2K1C rats (5.0 � 0.2 vs. 6.9 � 0.2 ml·min�1·g�1).
c-AUCB normalized RBF in 2K1C rats (6.5 � 0.6 ml·min�1·g�1).
HET-0016 also increased RBF in 2K1C rats (5.8 � 0.2
ml·min�1·g�1). Although RBF and glomerular filtration rate (GFR)
remained stable in normotensive rats during renal arterial pressure
(RAP) reductions, both were significantly reduced at 100 mmHg RAP
in 2K1C rats. c-AUCB did not improve autoregulation but increased
RBF at all RAPs and shifted the pressure-natriuresis curve to the left.
HET-0016-treated 2K1C rats exhibited impaired autoregulation of
RBF and GFR. Our data indicate that c-AUCB displays antihyperten-
sive properties in 2K1C hypertension that are mediated by an im-
provement of RBF and pressure natriuresis. While HET-0016 en-
hanced RBF, its anti-natriuretic effect likely prevented it from pro-
ducing a blood pressure-lowering effect in the 2K1C model.

renovascular hypertension; cytochrome P-450 metabolites; epoxyeico-
satrienoic acids; hydroxyeicosatrienoic acids; renal functions; blood pres-
sure; autoregulation; glomerular filtration rate; renal blood flow; cis-4-
[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid; HET-0016

THE RENIN-ANGIOTENSIN SYSTEM (RAS) contributes to the patho-
physiology of hypertension in the two-kidney, one-clip (2K1C)
Goldblatt hypertensive rats (6, 32). While plasma angiotensin
II (ANG II) is elevated during the developmental phase of
hypertension, it becomes normalized in the later phase (5, 8,
11). These findings indicate that enhancement of systemic

RAS cannot be the exclusive factor maintaining 2K1C
hypertension (25, 32).

Previous studies demonstrated that renal blood flow
(RBF) is attenuated in 2K1C rats, and, since RBF and
glomerular filtration rate (GFR) are prerequisites for normal
functioning of the pressure-natriuresis, this likely results in
new adjustments of renal functional parameters. In fact, alter-
ations in tubular ion reabsorption and reduced ability to auto-
regulate RBF and GFR were detected in this model (15, 33). It
has been suggested that these alterations may contribute to the
compromised ability of the nonclipped kidney to maintain
normal sodium excretion at normotensive blood pressure (BP)
and to the suppression of pressure-natriuresis (32, 34, 37).
However, the mechanism(s) underlying this impairment are
still poorly understood.

Cytochrome P-450 metabolites of arachidonic acid, includ-
ing epoxyeicosatrienoic acids (EETs) and 20-hydroxyeico-
satrienoic acid (20-HETE), play an important role in the
regulation of renal tubular ion transport and renal and systemic
vascular tone (1, 3, 10, 22, 36). EETs increase the open
probability of large-conductance calcium-activated potassium
channels (BKCa), leading to vasodilation (17, 42). Addition-
ally, EETs inhibit epithelial sodium channel (ENaC), produc-
ing natriuresis (48). Therefore, decreased bioavailability of
EETs as detected in the 2K1C animals (45) might be a
contributing factor to the alteration of renal hemodynamics and
sodium handling. Furthermore, production of 20-HETE is
increased in this model (45). Because 20-HETE is a potent
vasoconstrictor (31, 50, 56), it may contribute to increased
vascular resistance and attenuated RBF.

Taken together, the available data indicate that cytochrome
P-450 metabolites play an important role in the physiological
regulation of renal tubular function and renal hemodynamics.
Because 2K1C rats exhibit reduced bioavailability of EETs
during the sustained phase of hypertension (45), we hypothe-
sized that intrarenal deficiency of EETs contributes to the
impaired renal hemodynamics and sodium excretory func-
tions. Therefore, we employed the novel soluble epoxide
hydrolase (sEH) inhibitor cis-4-[4-(3-adamantan-1-yl-ure-
ido)-cyclohexyl-oxy]-benzoic acid (c-AUCB) (16) to in-
crease EETs bioavailability by blocking their degradation.
We hypothesized that the antihypertensive effects are mediated
by an improvement of renal hemodynamics and the pressure-
natriuresis relationship. In view of the finding that 2K1C rats
exhibit simultaneous elevation of intrarenal 20-HETE (45), we
used HET-0016 to inhibit the production of 20-HETE and
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studied its effect on BP, renal hemodynamics, and sodium
excretion.

METHODS

Our experimental protocol was submitted to and approved by the
Committee for Animal Use of the Ministry of Health of Czech
Republic. All Hannover Sprague-Dawley rats (HanSD) were bred at
the Department of Experimental Medicine at IKEM from stock
animals supplied from the Max Delbrück Center for Molecular Med-
icine of Berlin, Germany. All animals were fed standard rat chow
(0.4% NaCl) and tap water ad libitum and were kept on a 12:12-h
light-dark cycle.

2K1C goldblatt hypertensive rats. Male HanSD rats (100–125 g)
were anesthetized with a combination of tiletamine, zolazepam (Zo-
letil, 8 mg/kg; Virbac, Carros Cedex, France), and xylasine (4 mg/kg;
Rometar Spofa, Czech Republic) administered intramuscularly. The
right renal artery was isolated through a flank incision, and, as
previously described (6, 11), a silver clip (0.25 mm in internal
diameter) was placed on the renal artery. Sham-operated rats under-
went the same surgical procedure except placing of the arterial clip.

Effect of c-AUCB and HET-0016 treatment on BP and sodium
excretion in conscious rats. On the 14th day postsurgery described
above, sham-operated and 2K1C rats (total n � 24) were implanted
with TA11PA-C40 radiotransmitters (Data Sciences, St. Paul, MN),
as described previously (21, 43), to continuously monitor BP in
conscious animals by a telemetric device. After 7 days of recovery,
data acquisition was initiated to determine basal BP. Data were
gathered as previously described (21, 43). In addition, rats were
placed in metabolic cages for 24-h urine collections before and 48 h
after initiating c-AUCB and HET-0016 treatment to assess daily
sodium excretion in the following groups (n � 6–7 in each group):
1) untreated 2K1C rats, 2) c-AUCB-treated 2K1C rats, 3) HET-0016-
treated 2K1C rats, 4) untreated sham-operated rats, 5) c-AUCB-
treated sham-operated rats, and 6) HET-0016-treated sham rats. The
sEH inhibitor c-AUCB was administered through drinking water.
c-AUCB (26 mg) was dissolved in ethanol (5 ml) with cyclodextrin
(150 mg), and, after 5 min of sonication, water was added to make up
a final volume of 1 liter. Hydrogencarbonate (3 ml/l) was added to
prevent the compound from precipitatation at low pH. On the 28th day
after clip placement, c-AUCB treatment (26 mg/l) was initiated in
2K1C and sham-operated rats. It has been shown that these concen-
trations of c-AUCB inhibit sEH activity in in vitro as well as in vivo
studies (16, 21). Plasma concentration of c-AUCB was determined by
LC/MS analysis.

HET-0016 treatment was also initiated on the 28th day after clip
placement. HET-0016 was dissolved in 10% lecithin solution on a
heated stirring plate. HET-0016 was administered intraperitoneally for
2 days at a dose 10 mg·kg�1·day�1. This dose has been previously
shown to block the production of 20-HETE (57).

Measurements of EETs and dihydroxyeicosatetraenoic acids. EETs
and dihydroxyeicosatetraenoic acids (DHETEs) were measured in the
kidney samples employing a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (R&D, Detroit, MI), according to
the manufacturer’s suggestions (51, 53). Eicosanoids were extracted
three times from kidney samples with ethyl acetate after acidification
with acetic acid. After evaporation, saponification, and reextraction,
the concentration of the stable EET metabolite 14,15-DHETEs was
analyzed by a 14,15-DHETE ELISA kit (Spiecker; R&D).

Acute autoregulatory experiments. To study renal autoregulation, a
previously described protocol was employed (9, 46). Briefly, rats were
anesthetized with thiopental (50 mg/kg ip) and placed on a thermo-
regulated surgical table to maintain body temperature at 370C. A
tracheotomy was performed, and a PE-240 tube was inserted to
maintain a patent airway. The tracheal cannula was placed inside an
open plastic chamber; the animals breathed normal atmospheric air
enriched by humidified gas containing a 95% oxygen-5% carbon

dioxide mixture. This procedure improves stability of BP in anesthe-
tized rats without indication of acidosis.

The right jugular vein was catheterized for fluid infusion and
anesthetic administration. The left femoral artery was catheterized
with a PE-50 catheter to allow continuous monitoring of arterial BP
and blood sampling. Mean arterial pressure (MAP) was monitored
with a pressure transducer (model MLT 1050) and recorded on the
computer using a computerized data-acquisition system (PowerLab/
4SP; AD Instruments). The left kidney was exposed via a flank
incision, isolated from the surrounding tissue, and placed in a lucite
cup, and the ureter was cannulated with a PE-10 catheter. The aortic
adjustable clamp was placed on the aorta immediately above the
junction of the left renal artery to regulate the level of renal arterial
pressure (RAP). In addition, an ultrasonic transient-time flow probe
(1RB; Transonic Systems, Altron Medical Electronic) connected to a
Transonic flow meter was placed around the left renal artery, and RBF
was recorded using a computerized acquisition system. During sur-
gery, an isotonic saline solution containing bovine serum albumin
(4%; Sigma Chemical, Prague, Czech Republic) was infused at a rate
of 40 �l/min. After surgery, isotonic saline solution containing albu-
min (1% wt/vol) and polyfructosan (7.5%, Inutest; Laevosan, Linz,
Austria) was infused at the same infusion rate.

After completion of the surgical procedures, an equilibration period
of 1 h was allowed for the animals to establish steady state before
initiating 30-min control urine collection at physiological RAP.
Thereafter, 30-min urine collections were performed in 2K1C at
reduced RAPs (125, 100, 90, and 80 mmHg). Similarly, in sham-
operated rats, stepwise decreases of RAPs were performed. Ten
minutes of equilibration time were allowed after each RAP reduction
before urine collection. Blood samples were collected after the second
and fourth urine collection to allow determination of GFR and renal
sodium excretion. The same four experimental groups of rats were
examined (n � 9–12).

Analysis of autoregulatory index. For each RAP reduction, auto-
regulatory index (AI) was calculated based on the formula: AI �
(RBF2-RBF1)/RBF1/(RAP2-RAP1)/RAP1. AI equal to zero suggest
perfect autoregulation, and values greater than zero suggest less
perfect autoregulation.

General analytical methods. Urine volume was measured gravi-
metrically. Sodium and potassium concentrations were determined
by flame photometry. Polyfructosan was measured colorimetri-
cally. Polyfructosan was used as an index of the GFR. GFR and
RBF per gram of kidney weight and fractional excretion of sodium
and potassium were calculated using standard formulas. ANG II
was measured in the decapitated rats (to avoid the effect of
anesthesia) in the nonclipped kidney and plasma using previously
published methods (43).

Statistical analysis. All values are expressed as means � SE. With
Graph Pad Prism software (Graph Pad Software, San Diego, CA),
one-way ANOVA and two-way repeated-measures ANOVA followed
by the Student-Newman-Keuls test were employed when appropriate.
Values exceeding the 95% probability limits (P � 0.05) were con-
sidered statistically significant.

RESULTS

Effect of c-AUCB treatment on systolic BP and sodium
excretion in conscious rats. As previously established, 2K1C
rats developed hypertension with systolic BP (SBP) averaging
161 � 5 mmHg. Sham-operated rats remained normotensive
(119 � 3 mmHg). Although treatment with c-AUCB had no
effect on SBP in sham-operated rats, it significantly decreased
SBP in 2K1C rats; the maximal BP-lowering effect was at-
tained 48 h after initiation of c-AUCB administration (�30 �
2 mmHg, P � 0.05) (Fig. 1A).
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The plasma concentration of c-AUCB reached 87 � 10
ng/ml in the 2K1C rats and 69 � 8 ng/ml in sham-operated
rats.

The basal daily sodium excretion was not significantly
different between groups and remained unaltered in untreated
2K1C rats as well as in sham-operated rats on tap water.
However, c-AUCB administration elicited a marked increase
in daily sodium excretion in 2K1C on the second day of
treatment (Fig. 1B). c-AUCB also produced a slight natriuretic
effect in sham-operated rats. While the regulation of sodium
and fluid balance appears to be altered by c-AUCB, the
treatment did not produce alterations of the hematocrit in these
animals.

In addition, 14,15-EETs and 14,15-DHETEs were measured
in the kidney samples by an ELISA kit; the EETs-to-DHETEs
ratio was significantly smaller in 2K1C rats compared with
sham rats (2.3 � 0.2 vs. 6.9 � 1). c-AUCB significantly
enhanced the ratio in the 2K1C rats to 3 � 0.1 but not in the
sham rats (7.3 � 1.3).

Finally, c-AUCB did not change plasma ANG II levels
(32 � 4 vs. 35 � 6 and 38 � 7 vs. 39 � 6 fmol/ml) or ANG
II levels in the nonclipped kidney (62 � 6 vs. 59 � 6 and 57 �
4 vs. 63 � 6 fmol/g) in sham and 2K1C rats, respectively.

Effect of HET-0016 treatment on SBP and sodium excretion
in conscious rats. As measured by radiotelemetry, administra-
tion of HET-0016 did not produce any effect on SBP in the
2K1C rats (171 � 5 vs. 169 � 10) nor in the sham rats (124 �

7 vs. 122 � 7). We also studied the effect of HET-0016 on
basal daily sodium excretion using metabolic cages. Although
HET-0016 treatment resulted in a reduction of sodium excre-
tion in both 2K1C and sham rats, this reduction did not reach
statistical significance (0.99 � 0.1 vs. 1.32 � 0.1 for 2K1C and
0.70 � 0.2 vs. 0.93 � 0.1 mmol/day for sham rats).

Acute autoregulatory experiments with sequential reduc-
tions of RAP. Basal values of MAP, renal hemodynamics, and
electrolyte excretion are summarized in Table 1. Although
administration of c-AUCB did not alter MAP, RBF, and GFR
in sham-operated rats, it significantly decreased MAP and
normalized basal RBF without major effects on GFR in 2K1C
rats. HET-0016 treatment did not affect MAP in 2K1C rats.
However, it significantly enhanced both basal RBF and GFR in
these rats. HET-0016 had no effect on the basal functional
parameters in sham rats.

Effect of c-AUCB on renal autoregulation. As shown in Fig. 2, A
and C, sham-operated rats exhibited efficient autoregulation
of both RBF and GFR up to the reduction of RAP to 90
mmHg, and c-AUCB had no effect on these parameters in
these animals.

However, reduction of RAP to 100 mmHg in 2K1C rats
resulted in a significant decrease of RBF (Fig. 2B). In contrast,
treatment with c-AUCB improved RBF at reduced RAP in
2K1C rats; RBF was significantly decreased only at 90 mmHg
and below in the treated 2K1C rats. Moreover, RBF was
significantly higher at all reduced RAPs in treated 2K1C rats

Fig. 1. Effect of cis-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (c-AUCB) on systolic blood pressure (SBP) and 24-h sodium excretion in
conscious sham-operated and two-kidney, one-clip (2K1C) rats. A: SBP responses to c-AUCB (radiotelemetric recordings). B: 24-h sodium excretion measured
on the 2nd day of c-AUCB administration in metabolic cages. UNaV, urinary sodium excretion. *P � 0.05 vs. basal values. #P � 0.05 vs. corresponding values
from c-AUCB-treated rats.

Table 1. Basal values of mean arterial pressure, renal hemodynamics, and excretory function in experimental animals

Group of rats n
MAP,
mmHg RBF, ml · min�1 · g�1 GFR, ml · min�1 · g�1 UF, �l · min�1 · g�1 UNaV, �mol · min�1 · g�1 FENa, %

Sham 11 113 � 2 6.9 � 0.3 1.5 � 0.1 11.2 � 1 1.2 � 0.1 0.6 � 0.1
Sham � c-AUCB 10 118 � 3 7.4 � 0.5 1.5 � 0.1 13.1 � 1.3 1.0 � 0.2 0.5 � 0.1
Sham � HET-0016 6 111 � 4 6.6 � 0.7 1.5 � 0.1 8.5 � 1.7 0.9 � 0.3 0.3 � 0.1
2K1C 12 163 � 3# 5.0 � 0.2# 1.4 � 0.1 22.0 � 3.6# 3.7 � 0.9# 1.7 � 0.3#
2K1C � c-AUCB 9 133 � 1* 6.5 � 0.6* 1.4 � 0.1 24.7 � 2.8# 3.0 � 0.7# 1.5 � 0.3#
2K1C � HET-0016 9 161 � 5 5.8 � 0.2* 1.7 � 0.1* 12.9 � 3.0 1.3 � 0.4* 0.5 � 0.2*

Values are means � SE. MAP, mean arterial pressure; RBF, renal blood flow; GFR, glomerular filtration rate; UF, urine flow; UNaV, absolute sodium
excretion; FENa, fractional sodium excretion; c-AUCB, cis-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid; 2K1C, 2 kidney, 1 clip. There were
significant differences in basal parameters between experimental groups, P � 0.05. *Significant difference between treated and nontreated group. #Significant
difference between sham and 2K1C group.
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compared with untreated 2K1C rats. A similar pattern has been
detected with autoregulation of GFR; GFR was significantly
attenuated in untreated 2K1C rats when RAP was reduced to
100 and below (Fig. 2D). With c-AUCB treatment, GFR was
maintained stable up to a reduction of RAP to 90 mmHg. For
each RAP reduction, we also calculated the AI to compare
relative efficiency of autoregulation between treatment groups.
c-AUCB significantly decreased AI of GFR in the 2K1C group
(Table 2), indicating an improvement of autoregulation, but did
not affect it in the sham group. It also did not significantly
affect AIs of RBF in sham or in 2K1C group (Table 2).

Effect of HET-0016 on renal autoregulation. While sham
rats exhibited an efficient autoregulation of RBF, HET-0016
treatment impaired this efficiency; when RAP was reduced to
90 mmHg, sham rats were no longer able to maintain RBF, as
observed in the untreated group (Fig. 2A). AI of RBF in the
sham group was significantly higher in the HET-0016-treated
group compared with controls (Table 2), indicating an impair-
ment of autoregulation of RBF by HET-0016. Similarly, in the
2K1C rats, the RBF was significantly reduced already at the
first reduction to 125 mmHg in HET-0016-treated rats (Fig.
2B). However, although this was reflected in higher AI in this

Fig. 2. Effect of c-AUCB and HET-0016 on renal hemodynamic responses to stepwise renal arterial pressure (RAP) reductions. A and B: relationship between
RAP and renal blood flow (RBF) in sham-operated (A) and 2K1C rats (B). C and D: the RAP and glomerular filtration rate (GFR) relationship in sham (C) and
2K1C (D) rats. MAP, mean arterial pressure. *P � 0.05 vs. basal values. #P � 0.05 vs. corresponding values from c-AUCB-treated rats.

Table 2. AI was calculated to compare autoregulatory efficiency of RBF and GFR between treated and untreated animals
when RAP was reduced by aortic clamp

Sham Sham � c-AUCB Sham � HET-0016 2K1C 2K1C � c-AUCB 2K1C � HET-0016

RBF
AI 1 0.05 � 0.2 0.19 � 0.3 1.2 � 0.5* 0.51 � 0.1 0.24 � 0.2 0.67 � 0.1
AI 2 0.5 � 0.3 0.46 � 0.2 1.17 � 0.2 0.29 � 0.5 0.88 � 0.2 0.83 � 0.3
AI 3 1.1 � 0.3 1.5 � 0.3 1.36 � 0.5 0.43 � 0.2 0.90 � 0.3 0.76 � 0.2

GFR
AI 1 0.62 � 0.2 0.80 � 0.7 1.66 � 0.7 1.05 � 0.2 0.17 � 0.4* 1.10 � 0.2
AI 2 0.98 � 0.6 1.12 � 0.5 2.57 � 1.5* 0.3 � 0.6 1.5 � 0.5 1.7 � 0.6
AI 3 3.39 � 0.4 3.57 � 0.7 3.38 � 1.6 0.6 � 0.5 1.1 � 0.6 0.8 � 0.7

Values are means � SE. AI, autoregulatory index; RAP, renal arterial pressure. AI was calculated for each RAP reduction, AI 1, AI 2, AI 3, and AI 4 represent
the 1st, 2nd, 3rd, and 4th reduction, respectively. AIs were calculated from reductions in baseline to 100, 100 to 90, and 90 to 80 mmHg. *Significant difference
between treated and nontreated group.
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group, it was not statistically different from AI in the untreated
group (Table 2).

The same pattern was observed with autoregulation of GFR;
HET-0016-treated sham rats were not able to maintain GFR with
a reduction of RAP to 90 mmHg (Fig. 2C). Also, GFR was
significantly reduced at 125 mmHg in 2K1C rats in the
HET-0016-treated group (Fig. 2D). Although the impaired
autoregulation of GFR in both sham and 2K1C rats was
reflected in higher AIs, the difference between AIs of treated
and nontreated animals did not reach statistical significance
except at the second reduction (AI 2) in the sham group
(Table 2).

Effect of c-AUCB on sodium excretion and urine flow
responses to reduced RAP. Absolute sodium excretion and
urine flow responses to reductions of RAP were not different
between untreated and c-AUCB-treated sham rats (Fig. 3, A
and C). Absolute sodium excretion and urine flow were also
not significantly different between untreated and c-AUCB-
treated 2K1C rats at basal RAP (Table 1). However, at reduced
RAP levels, sodium excretion and urine flow in treated 2K1C
rats were significantly greater compared with the nontreated
2K1C group (Fig. 3, B and D). c-AUCB shifted the pressure-
natriuresis and pressure-diuresis curve to the left in 2K1C rats.

The fractional sodium excretion curve exhibited the same
pattern as total sodium excretion in all four groups (data not
shown).

Effect of HET-0016 on sodium excretion and urine flow
responses to reduced RAP. Although HET-0016 did not
affect basal absolute sodium excretion and urine flow in
sham rats, it significantly attenuated sodium excretion in
2K1C rats and shifted the pressure-natriuresis curve to the
right (Fig. 3B). This was not accompanied by significant
changes in urine flow (Fig. 3D and Table 1).

DISCUSSION

Our present study indicates that inhibition of sEH enzyme by
c-AUCB produces natriuresis, normalizes RBF, and improves
the slope of the pressure-natriuresis relationship in the 2K1C
rats via increased endogenous EET levels. These improve-
ments may greatly contribute to the antihypertensive effect of
c-AUCB.

Our previous study emphasized the crucial role of EETs in
the regulation of renal functions in the 2K1C rats; inhibition of
EETs production significantly attenuated renal hemodynamic
responses and sodium excretion (45). Recent findings indicate
that deficiency in EETs contributes to the development and/or
maintenance of ANG II-dependent forms of hypertension (4,
20, 59). Here we found that the EETs-to-DHETEs ratio indic-
ative of EETs bioavailability was significantly lower in 2K1C
hypertensive compared with sham rats. These data suggest
increased conversion of EETs to DHETEs that have smaller
biological potency than EETs (54, 55). A similar finding has

Fig. 3. Effect of c-AUCB and HET-0016 on renal excretory responses to stepwise RAP reductions. A and B: relationship between RAP and absolute sodium
excretion (UNaV) in sham-operated (A) and 2K1C (B) rats. C and D: the pressure-diuresis curves in sham (C) and 2K1C (D) rats. For clarity, the scale is different
in sham than in 2K1C rats. *P � 0.05 vs. basal values. #P � 0.05 vs. corresponding values from c-AUCB-treated rats.
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been reported for human renovascular hypertension (30). Thus
the present data and those of previous reports indicate that a
reduction of EETs could contribute to the vascular and tubular
abnormalities of the renovascular disease.

The current study determined that chronic c-AUCB treat-
ment increased the EETs-to-DHETEs ratio, indicating in-
creased EETs bioavailability. Indeed, c-AUCB and similar
compounds have been previously shown to inhibit sEH in vivo
and increase EETs in the kidney (14, 16, 21). In fact, plasma
concentration of c-AUCB in our study was about 30 times
higher than the IC50 of c-AUCB for the rat sEH enzyme (27).
Furthermore, ANG II levels were not altered by c-AUCB, and
thus the observed effect on BP and renal function might be
attributable to increased endogenous EETs levels rather than
alterations of RAS activity. In our study, we employed a
commercially available ELISA kit to quantify 14,15-EETs.
Although other regioisomers, including 5,6-EETs, 8,9-EETs,
and 11,12-EETs, were likely increased by c-AUCB, we were
not able to measure those simultaneously. Nevertheless, it has
been reported that sEH inhibition results in comparable in-
creases of all EET regioisomers; therefore, it is likely that
c-AUCB elicited proportional increases in corresponding
EET fractions. We chose to measure 14,15-EET because this
regiosomer is the preferred substrate for the sEH enzyme
and is known to be involved in the regulation of renal
hemodynamics (22).

There are several mechanisms how increased EETs bioavail-
ability could improve kidney function and lower BP. EETs
directly stimulate BKCa and are potent vasodilators (1, 10, 17,
22, 36). They have been implicated as the endothelium-derived
hyperpolarizing factor mediating nitric oxide and prostaglan-
din-independent vasodilatation (1). In the glomerular vascula-
ture, EETs participate in the bradykinin-induced, endothelium-
dependent vasodilatation and oppose ANG II-mediated con-
striction (17, 18, 20, 26). Current and previous studies
indicated that RBF is reduced in the 2K1C rats (45). This could
be because of EETs deficiency, resulting in increased renal
vascular resistance. The increased EETs following c-AUCB
treatment likely produced a vasodilatory effect and normalized
RBF in our hypertension model.

Furthermore, c-AUCB also produced significant natriuretic
effects. Thus additional antihypertensive mechanisms could be
associated with effects on sodium reabsorption (1, 3, 22, 36,
48). It has been shown that EETs inhibit proximal tubular
sodium reabsorption by blocking the sodium/hydrogen ex-
changer and ENaC in the cortical collecting duct (28, 48).
Although we were not able to determine the specific transporter
involved in c-AUCB-induced natriuresis, an improvement in
tubular function was likely responsible for the leftward shift of
the pressure-natriuresis in the 2K1C animals. Additionally,
enhanced RBF could also contribute to the increase in sodium
excretion and decrease in BP.

As opposed to sEH inhibition, 20-HETE inhibition by HET-
0016 did not affect BP. However, our data agree with previous
studies that, depending on the site of action, 20-HETE exhibits
either prohypertensive vasoconstriction or antihypertensive na-
triuretic properties (23, 40, 50, 52, 56). Therefore, in vivo
blockade of 20-HETE could produce counteracting effects on
BP. RBF was increased by HET-0016 in 2K1C rats, suggesting
decreased vascular resistance. Indeed, 20-HETE is a potent
vasoconstrictor, and its overproduction in hypertension could

contribute to increased vascular tone in the 2K1C rats. Inhibi-
tion of 20-HETE may therefore reduce the vascular resistance,
resulting in increased GFR as observed in this study and
previously (45). Additionally, basal sodium excretion was
decreased, and the pressure-natriuresis curve was shifted to the
right by HET-0016 in 2K1C rats. This agrees with the inhib-
itory effect of 20-HETE on sodium reabsorption (35, 39, 50,
52, 60).

In addition to basal functional parameters, we studied the
effect of c-AUCB and HET-0016 on autoregulation of RBF
and GFR to determine the role of EETs and 20-HETE in renal
autoregulatory function in 2K1C hypertension. While c-AUCB
appeared to improve the autoregulation of GFR and RBF in
2K1C rats (treated 2K1C rats were able to maintain stable RBF
and GFR at RAP reduction 100 mmHg as opposed to non-
treated), the calculated AI was only significantly improved for
GFR (AI 1). AI for RBF did not differ between the treated and
nontreated group, indicating that autoregulation per se was not
radically improved by the treatment. These data suggest that,
rather than improving autoregulation of renal hemodynamics,
c-AUCB decreases BP through its effects on sodium transport
and RBF, thus improving pressure-natriuresis. In contrast,
autoregulation of RBF and GFR was impaired in HET-0016-
treated 2K1C rats at RAP reduction to 125 (nontreated 2K1C
maintained stable autoregulation at 125), and this was reflected
in a higher AI value. Importantly, HET-0016 also impaired
autoregulation of RBF in the sham group. These data are
supported by previous findings that established the role of
20-HETE in RBF autoregulation (18, 61). Additionally, 20-
HETE inhibition reduced basal sodium excretion in 2K1C rats.
This observation indicates the 20-HETE operates to increase
sodium excretion in hypertensive animals as previously sug-
gested (49, 50, 52, 61).

Because of the antihypertensive properties of EETs and
increased bioavailability of prohypertensive 20-HETE in 2K1C
hypertension, it seems logical to investigate the combined
effect of sEH and 20-HETE inhibition. However, combined
EETs induction and 20-HETE inhibition on renal functions
would involve antagonistic interactions (effect on natriuresis),
complicating the data interpretation substantially. In addition,
20-HETE plays a critical role in the regulation of renal hemo-
dynamics and sodium excretion (18, 49, 61), and its blockade
in the kidney may counteract the antihypertensive effect of
blockade in the vasculature. In the future, combined treatment
of systemic inhibition of sEH and selective inhibition of
20-HETE in the vasculature could provide a great means to
select the beneficial actions of 20-HETE that would synergis-
tically interact with EETs, producing an improvement of renal
functional parameters and the desired reduction of BP.

In summary, our data indicate that c-AUCB displays signif-
icant antihypertensive properties in 2K1C hypertension that are
mediated by an improvement of RBF and sodium excretion.
While HET-0016 also enhanced RBF, its antinatriuretic effect
likely prevented it from producing a BP-lowering effect in the
2K1C model.

Perspectives and Significance

2K1C renovascular hypertension is an experimental paradigm
for human renovascular hypertension. Impaired autoregulatory
behavior and altered renal function, including decreased RBF and
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right-shifted pressure-natriuresis, could contribute to hypertension
by compromising the kidney to achieve adequate excretory
functions at normal pressures. Therefore, pharmacological in-
terventions that increase RBF and decrease sodium reabsorp-
tion are promising treatment targets in hypertension. Our study
indicates that inhibition of sEH has a great potential to become
a new pharmacological treatment approach because of its
beneficial effects on renal hemodynamics, sodium excretory
responses, and BP-lowering effects.
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Thumová M. Pivotal role of AT1A receptors in the development of
two-kidney, one-clip hypertension: study in AT1A receptor knockout mice.
J Hypertens 26: 1379–1389, 2008.

6. Cervenka L, Wang CT, Mitchell KD, Navar LG. Proximal tubular
angiotensin II levels and renal functional responses to AT1 receptor
blockade in nonclipped kidneys of Goldblatt hypertensive rats. Hyperten-
sion 33: 102–107, 1999.

7. Cervenka L, Wang CT, Navar LG. Effects of acute AT1 receptor
blockade by candesartan on arterial pressure and renal function in rats. Am
J Physiol Renal Physiol 274: F940–F945, 1998.

8. El-Dahr SS, Dipp S, Guan S, Navar LG. Renin, angiotensinogen, and
kallikrein gene expression in two-kidney Goldblatt hypertensive rats. Am
J Hypertens 6: 914–919, 1993.

9. Erbanová M, Thumová M, Husková Z, Vaněčková I, Vaǒurková Z,
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