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Abstract
Objective—The contribution of cytochrome P-450 (CYP) metabolites of arachidonic acid:
epoxyeicosatrienoic acids (EETs) and 20-hydroxyeicosatetraenoic acid (20-HETE) in the regulation
of nonclipped kidney function in two-kidney, one-clip (2K1C) Goldblatt hypertensive rats during
the phases of initial and stable hypertension (7 or 27 days after clipping, respectively) were
investigated.

Methods—Male Hannover-Sprague Dawley rats had the right renal artery clipped or had a sham-
operation. Urinary excretion of EETs, their inactive metabolites (DHETEs), and 20-HETE were
measured. Intrarenal CYP protein expression and the activities of epoxygenase, ω-hydroxylase and
soluble epoxide hydrolase (sEH) were also determined.

The responses of renal hemodynamics and electrolyte excretion of the non-clipped kidney to left
renal artery infusions of inhibitors of EETs or 20-HETE formation (MS-PPOH and DDMS,
respectively) were measured.

Results—In 2K1C rats the urinary EETs excretion was lower and 20-HETE excretion was higher
than in sham-operated animals. Intrarenal inhibition of EETs significantly decreased renal
hemodynamics and sodium excretion in sham-operated but not in 2K1C rats. Intrarenal inhibition of
20-HETE decreased sodium excretion in sham-operated rats but elicited increases in renal
hemodynamics and sodium excretion in 2K1C rats.
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Conclusions—The results indicate that the nonclipped kidney of Goldblatt 2K1C rats in the phase
of sustained hypertension exhibits decreased intrarenal EETs and elevated 20-HETE levels as
compared with the kidney of sham-operated animals. This suggests that altered production and action
of CYP-derived metabolites in this phase contributes to the mechanism of Goldblatt 2K1C
hypertension.

Keywords
two-kidney one-clip Goldblatt hypertension; cytochrome P-450 metabolites; epoxyeicosatrienoic
acids; 20-hydroxyeicosatetraenoic acid; renin-angiotensin system; renal function

Introduction
The two-kidney, one-clip (2K1C) Goldblatt model of hypertension resembles human
renovascular hypertension in many respects. A prominent common feature is the enhanced
activity of the renin-angiotensin system (RAS) and its critical role in the mechanism of the
increase in blood pressure [1–3]. In 2K1C rats plasma angiotensin II (ANG II) is elevated
during the initial phase whereas in the phase of sustained hypertension the values return to
levels observed in normotensive controls. This indicates that enhanced activity of the systemic
RAS is not the causative factor responsible for the persistence of hypertension in this model
[1–7]. According to the concept originally proposed by Guyton and associates [8] and
supported and further developed by many other groups, the kidney’s pressure-natriuresis
mechanism plays a predominant role in the long-term control of blood pressure (BP). In theory,
in the 2K1C Goldblatt model the presumably intact nonclipped kidney should respond to
pressure elevation by increasing sodium excretion and normal BP should be restored. However,
recent studies have shown that the nonclipped kidney of 2K1C hypertensive rats exhibits a
compromised ability to maintain normal sodium excretion at normal BP and impaired
natriuretic responsiveness to BP elevations. Most probably this contributes to the maintenance
of hypertension in this model [1,2], however, the mechanism(s) underlying impaired pressure-
natriuresis relationship in the nonclipped kidney of 2K1C Goldblatt hypertensive rats during
the phase of sustained hypertension are still poorly understood.

It is now well recognized that cytochrome P-450 (CYP) metabolites of arachidonic acid, such
as 20-hydroxyeicosatetraenoic acid (20-HETE) and epoxyeicosatrienoic acids (EETs), play an
important role in the regulation of renal tubular ion transport and renal and systemic vascular
tone [9–11]. Moreover, a close functional interplay has been shown between ANG II and 20-
HETE. An increased generation and/or action of 20-HETE augments the vasoconstrictor
responses to ANG II [12,13] whereas chronic inhibition of 20-HETE formation attenuates the
course of ANG II-dependent forms of hypertension [12,14]. On the other hand, EETs have
been shown to be potent vasodilators involved in the action of the endothelium-derived
hyperpolarizing factor (EDHF), and in the kidney they inhibit tubular reabsorption of sodium
and water in the proximal tubule and collecting duct. Both these actions could contribute to
potential antihypertensive properties of EETs [15–19]. In addition, it has been recently shown
that intrarenal deficiency of EETs contributes to impaired renal sodium excretion and the
development of hypertension in rats transgenic for the mouse Ren-2 renin gene (TGR) and in
ANG II-infused rats [15,20,21]. In view of these findings, we hypothesized that in 2K1C
Goldblatt model altered formation and/or activity of 20-HETE and EETs may at least partially
account for the impaired ability of the nonclipped kidney to maintain normal rates of sodium
excretion at normotensive BP level and also to contribute to the maintenance of high BP during
the phase of sustained hypertension.

To test this hypothesis, we first assessed the intrarenal availability of biologically active CYP-
derived eicosanoids, such as 20-HETE, EETs and, in addition, dihydroxyeicosatrienoic acids
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(DHETEs), the biologically inactive metabolites of EETs, in the nonclipped kidney of 2K1C
rats during the initial (7 days after clip placement) and sustained (27 days after clip placement)
phases of hypertension. The results were compared with those in age-matched normotensive
sham-operated rats. In addition, the urinary excretion of these eicosanoids was determined in
2K1C hypertensive and sham-operated normotensive rats.

Furthermore, to gain a more detailed insight into the role of intrarenal CYP-derived metabolites
in the regulation of the function of the nonclipped kidney of 2K1C and sham-operated rats
[22,23], we investigated the protein expression of the CYP4A enzyme and the activity of ω-
hydroxylases in the renal cortex, which account for most of the renal formation of 20-HETE,
as well as the protein expression of the CYP2C3 enzyme and the renal cortical activity of
epoxygenase, which is the enzyme predominantly responsible for EETs formation in the
kidney. In addition, the protein expression of the soluble epoxide hydrolase (sEH) and its
activity, which is responsible for the generation of DHETEs from EETs, were assessed.

Finally, the responses were determined of the renal hemodynamics and sodium excretion to
selective intrarenal inhibition of EETs and 20-HETE formation in the nonclipped kidney of
2K1C rats during the initial (7 days after clip placement) and sustained (27 days after clip
placement) phases of hypertension, as well as in age-matched normotensive sham-operated
rats.

Methods
The studies were performed in accordance with guidelines and practices established by the
Animal Care and Use Committee of the Institute for Clinical and Experimental Medicine.
Hannover-Sprague Dawley (HanSD) rats used in the present study were bred at the Department
for Experimental Medicine.

General surgical and preparatory procedures: preparation of 2K1C Goldblatt hypertensive
rats

Male HanSD rats weighing 170 to 210 g were anesthetized with thiopental sodium (60 mg/kg
i.p.). They were placed on a thermoregulated table to maintain body temperature at 37–37.5°
C. A tracheostomy was performed to maintain a patent airway and the exterior end of the
tracheal cannula was placed inside a small plastic chamber into which a humidified 95%
O2/5% CO2 mixture was continuously passed. The right jugular vein was catheterized with a
PE-50 tubing for infusion of solutions. For renal function studies (Series 4, see below), the
right femoral artery was cannulated 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, UK). The left kidney was exposed via a flank incision,
isolated from the surrounding tissue, and placed in a lucite cup. A tapered PE-10 catheter was
inserted into the left renal artery via the left femoral artery for selective intrarenal arterial (i.r.)
administration of the vehicle or drugs. This catheter was kept patent by a continuous infusion
of heparinized isotonic saline at a rate of 4 µl/min throughout the experiment. A PE-10 catheter
was also placed in the left ureter. During surgery, an isotonic saline solution containing bovine
serum albumin (6%) (Sigma Chemical Co., Prague, Czech Republic) was infused at a rate of
20 µl/min.

For kidney clipping, the right renal artery was isolated through a flank incision and, as described
previously [2], a silver clip (0.25 mm in internal diameter) was placed on the renal artery.
Sham-operated rats that underwent the same surgical procedure except for placement of the
renal artery clip served as controls.
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Experimental protocols
Series 1: Assessment of urinary excretion of 20-HETE, EETs, DHETEs and
plasma and kidney ANG II levels—Experiments were performed to determine the
excretion by the nonclipped (left) kidney of 20-HETE, EETs and DHETEs, and ANG II levels
in plasma and nonclipped kidney tissue, in 2K1C Goldblatt hypertensive and sham-operated
normotensive rats at days 7 and 27 after clip placement or sham-operation (n = 9 in each group).

After a 50-min equilibration period, a 60-min urine collection was performed. Urine samples
were stored at −80° C. The 20-HETE, EETs and DHETEs concentrations in the urine samples
were measured by ELISA using commercially available kits, according to the manufacturer’s
instructions (Detroit R&D Inc., Detroit, MI, USA). Subsequently, the nonclipped kidney was
immediately excised, drained, weighed and homogenized in chilled methanol. Immediately
after removal of the kidney, arterial blood was collected for ANG II concentration. Plasma and
kidney tissue ANG II levels were determined by radioimmunoassay as described in detail in
our previous studies [7,24].

Series 2: Western blot analysis for the quantification of renal cortical CYP-450
protein expression—Seven and 27 days after clip placement, respectively, and after sham-
operation (n = 5 in each group), 2K1C and sham-operated rats were anesthetized with thiopental
sodium and kidneys were removed and placed in ice-cold isotonic saline solution. The renal
cortex was separated and Western blot analysis for the protein expression of CYP2C3, CYP4A
and sEH enzyme was performed as described in detail previously [25–28]. Detection was
accomplished using enhanced chemiluminescence Western blotting (ECL, Amersham Corp.);
blots were exposed to X-ray film. Band intensity was measured densitometrically and the
values were normalized for β-actin.

Series 3: Activities of arachidonic acid metabolism in the kidney—Evaluation of
epoxygenase and ω-hydroxylase activities was performed as described previously [27,28] and
employed and validated in our recent study [21]. Briefly, renal cortex homogenate (500 µg)
isolated from 2K1C rats 7 and 27 days after clip placement, or after sham-operation (n=6 in
each group) were incubated with [1-14C]-arachidonic acid (0.4 µCi, 7 nmol/L) and NADPH
(1 mmol/L, pH 7.4) containing 10 mmol/L MgCl2 for 30 minutes at 37°C. The reaction was
terminated by acidification to pH 3.5 – 4.0 with 2 mol/L formic acid, and arachidonic acid
metabolites were extracted with ethyl acetate. The ethyl acetate was evaporated under nitrogen,
and the metabolites were resuspended in 50 µL of methanol and injected onto the HPLC
column. The activity of the formation of these metabolites was estimated on the basis of the
specific activity of the added [1-14C]-arachidonic acid, and was expressed as picomoles per
milligram of protein per minute.

Evaluation of sEH activity was performed as described recently [29]. Briefly, [3H]-trans-
diphenylpropene oxide (tDPPO) was used as a substrate and the rate of hydration of tDPPO
was determined by liquid scintillation spectroscopy after differential extraction of the epoxide
and diol. Cytosolic or peroxisomal fractions were incubated at 37°C in 100 nL incubation
mixtures containing sodium phosphate buffer (90 mmol/L, pH 7.4) and tDPPO (1 to 50 µmol/
L in 1 µL dimethylformamide). Incubations were stopped after 5 minutes by addition of 60 µL
methanol and 200 µL isooctane. Zero-time and zero-protein incubations served as blanks.
Incubations were vortexed vigorously to extract the substrate into the isooctane (the diol
metabolite remains in the aqueous phase). A known aliquot of the aqueous phase was removed
and added to 1 mL scintillation cocktail for scintillation counting.

Series 4: Renal function studies—Animals were prepared as described in General
surgical and preparatory procedures. (see above). After surgery, isotonic saline solution
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containing bovine serum albumin (0.6%), p-aminohippurate sodium (PAH, Merck, Sharp &
Dohme West Point, USA) (1.5%), and polyfructosan (Inutest, Laevosan, Austria) (7.5%) was
infused at a rate of 20 µl/min. An equilibration period of 50 minutes was first allowed to
establish steady state before initiating two 30-minute clearance periods to assess control renal
function. Thereafter, a continuous i.r. infusion of either MS-PPOH, an EETs inhibitor (4.65
µg/hour) or DDMS, a 20-HETE inhibitor (1.09 µg/hour) was administered i.r. and continued
throughout the remaining clearance periods. These doses of MS-PPOH and DDMS were
chosen based on our previous study evaluating the role of EETs and 20-HETE and in the
regulation of renal function. It has been shown that the doses selectively and sufficiently block
the intrarenal production of EETs or 20-HETE. [21]. After 15 minutes of drug or vehicle
infusion, two 30-min experimental urine collections followed. Coincident with the urine
collections, blood samples for PAH and polyfructosan were drawn to allow estimation of whole
kidney glomerular filtration rate (GFR) and renal plasma flow (RPF). The following
experimental groups of rats were examined:

1. Sham-operated rats, 7 days after surgery + i.r. infusion of saline vehicle (7-Sham-
operated + i.r. saline, n = 11).

2. Sham-operated rats, 7 days after surgery + i.r. infusion of MS-PPOH (7-Sham-
operated + i.r. MS-PPOH, n = 16).

3. Sham-operated rats, 7 days after surgery + i.r. infusion of DDMS (7-Sham-operated
+ i.r. DDMS, n = 15).

4. Sham-operated rats, 27 days after surgery + i.r. infusion of saline vehicle (27-Sham-
operated + i.r. saline, n = 11).

5. Sham-operated rats, 27 days after surgery + i.r. infusion of MS-PPOH (27-Sham-
operated + i.r. MS-PPOH, n = 16).

6. Sham-operated rats, 27 days after surgery + i.r. infusion of DDMS (27-Sham-operated
+ i.r. DDMS, n = 16).

7. 2K1C Goldblatt hypertensive rats, 7 days after clip placement + i.r. infusion of saline
vehicle (7-2K1C + i.r. saline, n = 11).

8. 2K1C Goldblatt hypertensive rats, 7 days after clip placement + i.r. infusion of MS-
PPOH (7-2K1C + i.r. MS-PPOH, n = 16).

9. 2K1C Goldblatt hypertensive rats, 7 days after clip placement + i.r. infusion of DDMS
(7-2K1C + i.r. DDMS, n = 16).

10. 2K1C Goldblatt hypertensive rats, 27 days after clip placement + i.r. infusion of saline
vehicle (27-2K1C + i.r. saline, n = 11).

11. 2K1C Goldblatt hypertensive rats, 27 days after clip placement + i.r. infusion of MS-
PPOH (27-2K1C + i.r. MS-PPOH, n = 15).

12. 2K1C Goldblatt hypertensive rats, 27 days after clip placement + i.r. infusion of
DDMS (27-2K1C + i.r. DDMS, n = 15).

General Analytical Methods—Urine volume was measured gravimetrically. Sodium and
potassium concentrations were determined by flame photometry. Inulin and PAH
concentrations were measured colorimetrically. Inulin and PAH clearances were used as
indices of the glomerular filtration rate (GFR) and renal plasma flow (RPF), respectively. Both
values were calculated per gram of kidney weight. Fractional sodium and potassium excretion
rates were calculated using standard formulas.
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Statistics—Statistical analysis of data was performed using Graph Pad Prism (Graph Pad
Software, San Diego, California, USA). Data are expressed as means ± SEM. Statistical
comparisons within groups were conducted using ANOVA for repeated measurements,
followed by Newman-Keuls test. One-way ANOVA was used when appropriate. Values
exceeding the 95% probability limits (P<0.05) were considered statistically significant.

Results
Experimental series 1: plasma and kidney ANG II levels and urinary excretion of 20-HETE,
EETs and DHEETs

As shown in Figure 1, on day 7 after clip placement the plasma and whole kidney tissue ANG
II levels were significantly higher than in sham-operated rats. By the day 27, the differences
between 2K1C and sham-operated groups have disappeared.

Figure 2A shows that on day 7 after clip placement the basal values of urinary excretion of
EETs did not significantly differ between sham-operated and 2K1C rats. In contrast, on the
day 27 the basal EETs excretion was significantly lower in 2K1C than in sham-operated rats
(512 ± 66 fmol/60 min vs 1014 ± 81., p<0.05). As shown in figure 2B, on day 7 after clip
placement the urinary excretion of DHETEs, the biologically inactive metabolites of EETs,
did not significantly differ between sham-operated and 2K1C rats. However, on the day 27 the
urinary DHETEs excretion was significantly higher in 2K1C than in sham-operated rats (667
± 71 fmol/60 min vs 421 ± 44., p<0.05). Figure 2C summarizes the data on the intrarenal
availability of biologically active epoxygenase metabolites when expressed as the EETs/
DHETEs excretion ratio. On day 7 after clip placement this ratio did not significantly differ
between 2K1C and sham-operated rats. However, on the day 27 the ratio was significantly
lower in 2K1C than in sham-operated rats (0.77 ± 0.09 vs 2.41 ± 0.21., p<0.05). As shown in
figure 2D, on day 7 after clip placement the basal urinary excretion of 20-HETE did not
significantly differ between 2K1C and sham-operated rats. In contrast, on the day 27 the urinary
excretion of 20-HETE was significantly higher in 2K1C than in sham-operated rats (1268 ±
62 vs 732 ± 81. fmol/60 min, p<0.05).

Experimental series 2: Western blot analysis of renal cortical CYP-450 protein expression
As shown in figure 3A, densitometric analysis normalized for β-actin revealed that there were
no significant differences in CYP2C3 protein expression in the renal cortex between sham-
operated and 2K1C rats on day 7 and day 27 after clip placement. In contrast, CYP4A and sEH
protein expression in the renal cortex were significantly lower in sham-operated than in 2K1C
rats on day 27 after clip placement (58 ± 4 vs. 81 ± 5 and 57 ± 6 vs. 79 ± 7 arbitrary units,
p<0.05 in both cases) (figures 3B and 3C).

Experimental series 3: Enzyme activities of arachidonic acid metabolism in the kidney
As shown in figure 4A, there were no significant differences in the renal cortical activity of
epoxygenase between sham-operated and 2K1C rats at days 7 and 27 after clip placement. In
contrast, ω-hydroxylase and sEH activities were significantly lower in sham-operated than in
2K1C rats on day 27 after clip placement (166 ± 16 vs. 222 ± 19 and 671 ± 48 vs. 814 ± 54
pmol.mg−1.min−1, p<0.05) (figures 4B and 4C).

Series 4: Renal function studies
The basal values (averages from two control clearance periods) of MAP, renal hemodynamics
and electrolyte excretion are summarized in table 1. It is seen that 2K1C rats exhibited
significantly higher MAP compared to sham-operated normotensive rats. The rise in BP was
more pronounced at 27 days than at 7 days after clip placement. The basal renal hemodynamics
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and electrolyte excretion rate did not significantly differ between sham-operated and 2K1C
rats, however, some inter-group variability was visible. Thus, to analyse more accurately the
renal function responses to experimental manipulations, we compared percent rather than
absolute differences between control and experimental periods. Since the responses of renal
hemodynamics and electrolyte excretion to experimental manipulations were not significantly
different between experimental periods 1 and 2, in fig 5 and fig 6 we show, for clarity of
presentation, only the values based on the data for the experimental period 2.

As shown in figures 5A and 5B, renal artery (i.r.) infusion of MS-PPOH decreased GFR and
RPF, significantly and to a similar extent, in sham-operated and 2K1C rats on day 7 after clip
placement. In contrast, on the day 27 i.r. infusion of MS-PPOH significantly decreased GFR
and RPF in sham-operated rats (−18 ± 3 and −20 ± 3 %, respectively, p<0.05), but did not alter
GFR and RPF in 2K1C animals (+5 ± 3 and +4 ± 3 %, respectively).

Figures 5C and 5D show that i.r. infusion of MS-PPOH elicited significant and similar
decreases in absolute and fractional sodium excretion in sham-operated animals and 2K1C rats
studied on day 7 after clip placement. Likewise, i.r. infusion of MS-PPOH caused significant
decreases in urine flow in sham-operated and 2K1C rats studied on the day 7 (not shown in
the figure, −22 ± 5 and −24 ± 6 %, respectively, p<0.05). However, these percent decreases
were distinctly smaller than those observed for the absolute and fractional sodium excretion.
When studied on day 27 after clip placement, i.r. infusion of MS-PPOH did not change absolute
or fractional sodium excretion in 2K1C rats but elicited significant decreases in these
parameters in sham-operated rats (−44 ± 5 and −39 ± 5, respectively, p<0.05).

As shown in figures 6A and 6B, i.r. infusion of DDMS did not change GFR and RPF in rats
studied on days 7 and 27 after sham-operation and in 2K1C rats studied on day 7 after clip
placement. In contrast, i.r. infusion of DDMS significantly increased GFR and RPF in 2K1C
rats studied on the day 27 (+13 ± 3 and +14 ± 3 %, respectively, p<0.05).

Figures 6C and 6D shows that i.r. infusion of DDMS caused significant decreases in absolute
and fractional sodium excretion in rats studied on days 7 and 27 after sham-operation and in
2K1C rats on day 7 after clip placement. In contrast, i.r. infusion of DDMS in 2K1C rats studied
on day 27 after clip placement elicited significant increases in absolute and fractional sodium
excretion (+9 ± 2 and +10 ± 2 %, respectively, p<0.05).

In time control experiments sham-operated and 2K1C rats given i.r. infusion of saline vehicle
did not induce any significant changes in renal hemodynamics or sodium excretion.

Discussion
A major finding of this study is that during the phase of sustained hypertension (data obtained
on day 27 after clipping), the nonclipped kidney of 2K1C Goldblatt hypertensive rats exhibits
significantly lower excretion of EETs compared to that of sham-operated normotensive rats.
This occurs in spite of an apparently normal renal cortical generation of EETs, as indicated by
normal protein expression of the CYP2C3 enzyme and normal epoxygenase activity in the
renal cortex. In contrast, the urinary excretion of DHETEs, and protein expression of sEH and
its activity were significantly higher in the nonclipped kidney of 2K1C Goldblatt rats with
sustained hypertension than in sham-operated normotensive rats. Evidently, during the stable
phase of hypertension the formation of EETs in the nonclipped kidney of 2K1C Goldblatt
hypertensive rats is not altered, however, the conversion of EETs to DHETEs, which are devoid
of vasodilator and natriuretic activities [9–11,16,20,22,23] is enhanced. Thus, the intrarenal
availability of biologically active epoxygenase products, assessed as the urinary EETs/
DHETEs excretion ratio, is reduced in 2K1C rats studied 27 days after clip placement to
approximately 30 % of that observed in sham-operated rats, indicating that during the phase
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of sustained hypertension, 2K1C Goldblatt hypertensive rats exhibit a net deficiency of the
biologically active epoxygenase products. This interpretation is further supported by the results
of our renal function studies. They show that during the initial phase of hypertension in 2K1C
rats, the selective intrarenal inhibition of EETs formation resulted in significant decreases in
renal hemodynamics and in absolute and fractional sodium excretion, similar as in sham-
operated normotensive rats studied in parallel. In contrast, during the sustained phase of
hypertension, an intrarenal inhibition of EETs production did not alter renal hemodynamics or
sodium excretion in 2K1C hypertensive whereas it led to significant decreases in both these
parameters in sham-operated rats. This suggests that during the phase of sustained 2K1C
Goldblatt hypertension an intrarenal deficit of biologically active EETs participates in the
regulation of renal vascular tone and tubular sodium transport.

Mechanisms of EETs action involve stimulation of the large-conductance, calcium-activated
potassium channels (KCa) and hyperpolarization of the smooth muscle cell membrane, leading
to an inhibition of voltage-activated calcium channel activity, which reduces calcium entry and
results in vasodilatation [16,17]. In addition, EETs participate in the bradykinin-induced,
endothelium-dependent vasodilatation of the glomerular afferent arteriole and, in general,
preferentially dilate the renal preglomerular vasculature [30,31]. Based on vast evidence, EETs
have been identified as the endothelium-derived hyperpolarizing factor (EDHF) that mediates
nitric oxide- and prostaglandin-independent vasodilatation [32]. In addition, EETs have been
found to oppose the vasoconstrictor action of ANG II [17,25,33].

In addition to altering the vascular tone, EETs inhibit proximal tubular sodium reabsorption
by blocking the sodium-hydrogen exchanger [18], and inhibit sodium reabsorption and
potassium secretion in the cortical collecting duct by blocking the epithelial sodium channels
[19]. Most of available evidence indicates that the EETs´ antihypertensive properties are
mainly associated with the action on sodium excretion [9–11]. It has been demonstrated that
either intrarenal deficiency of EETs or an inability to properly increase intrarenal EETs´ levels
are implicated in the pathophysiology of certain forms of ANG II-dependent and salt-sensitive
hypertension [25,27,34,35]. It is therefore conceivable that net intrarenal deficiency of EETs
in the nonclipped kidney of 2K1C Goldblatt hypertensive rats contributes to the impairment
of the pressure-natriuresis relationship and, consequently, to the maintenance of hypertension
in this model.

Another major finding of this study is that during the phase of sustained hypertension 2K1C
Goldblatt hypertensive rats showed increased urinary excretion of 20-HETE, increased kidney
protein expression of CYP4A, and increased renal cortical activity of ω-hydroxylase. These
data provide strong evidence that intrarenal 20-HETE formation is elevated during the
sustained hypertension phase in 2K1C Goldblatt hypertensive rats. In addition, we found that
during the initial phase of hypertension, selective intrarenal inhibition of 20-HETE formation
elicited similar decreases in sodium excretion in 2K1C and in sham-operated normotensive
rats. In contrast, during sustained hypertension, the inhibition of 20-HETE substantially
increased GFR, RPF and absolute and fractional sodium excretion in 2K1C rats, whereas in
sham-operated rats it decreased absolute and fractional sodium excretion without altering GFR
or RPF.

It has been well documented that 20-HETE inhibits sodium reabsorption in the proximal tubule
by blocking sodium-potassium-ATPase activity [36], and in the thick ascending limb of the
loop of Henle (TALH) by inhibiting the Na, K, 2Cl co-transporter [37] and also, secondarily,
by inhibiting Na,K-ATPase. [38]. Thus, in 2K1C rats in the phase of sustained hypertension
the inhibition of 20-HETE formation under conditions of elevated intrarenal 20-HETE levels
should cause a decrease rather than an increase in sodium excretion. Our results indicate that
unlike in normotensive rats and 2K1C rats during the initial phase of hypertension, in the
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sustained hypertension 20-HETE - despite its elevated intrarenal levels – is not natriuretic.
Possibly, its transport inhibitory action at the tubule level is superseded by antinatriuresis
secondary to vasoconstriction and a decrease in renal hemodynamics. Thus, the increase in
sodium excretion after inhibition of 20-HETE could depend on an increase in GFR and RPF.
Likely, there was also an increase in the medullary blood flow which could per se promote
natriuresis.

The vasoconstrictor action of 20-HETE involves inhibition of the opening of large-
conductance, calcium-activated potassium channels [39]; an increase in calcium channel
conductance leads to depolarization of the arteriolar vascular smooth muscle [40,41], and
activation of Rho-kinase causes sensitization of the contractile apparatus to calcium [42]. In
addition, 20-HETE produced in the renal vasculature augments vascular reactivity to
vasoconstrictor agents [43–45],e.g. plays a critical role as a second messenger for ANG II-
mediated vasoconstriction [12,13]. It has been postulated that enhanced formation of 20-HETE
in the vasculature contributes to exaggerated systemic and renal vascular responsiveness to
vasoconstrictors in ANG II-dependent models of hypertension and thereby contributes to the
development and maintenance of hypertension in these models [12,14,15].

With these observations in mind it is conceivable that elevated intrarenal 20-HETE levels
during the phase of sustained hypertension in Goldblatt 2K1C rats might contribute importantly
to the increased renal vascular resistance and to the compromised ability of the kidney to
respond to elevations of arterial blood pressure with appropriate increases in sodium excretion.
This notion is supported by our results from renal function studies showing that selective
intrarenal inhibition of 20-HETE formation resulted in significant increases in renal
hemodynamics.

Interestingly in our 2K1C hypertensive rats, plasma and nonclipped kidney ANG II
concentrations were elevated during the initial phase of hypertension and returned to basal
levels in the sustained phase. These findings are in agreement with previous studies evaluating
the role of the RAS in the pathophysiology of 2K1C Goldblatt hypertension in rats and mice.
They confirm the notion that the sustained phase hypertension cannot be simply ascribed to an
increased activity of the systemic RAS but is rather the consequence of a compromised
pressure-natriuresis relationship in the nonclipped kidney of 2K1C rats [1–7].

In summary, our present findings indicate that during the phase of sustained hypertension, the
nonclipped kidney of 2K1C Goldblatt hypertensive rats exhibits a reduced availability of
biologically active EETs. Simultaneously, the intrarenal 20-HETE concentration is elevated,
which prevents appropriate pressure-dependent natriuresis and potentiates the renal
vasoconstrictor responses. Moreover, our data demonstrate that the nonclipped kidney of 2K1C
rats is unable to suppress intrarenal ANG II content to make it adequate to the elevated blood
pressure. Collectively, our findings indicate that altered production and/or action of CYP-
derived metabolites in the nonclipped kidney is combined with kidney tissue ANG II levels
inappropriately high for hypertensive rats. Both these factors could importantly contribute to
the derangement of the pressure-natriuresis relationship of the nonclipped kidneys of 2K1C
Goldblatt hypertensive rats and to play a crucial role in the pathophysiology of sustained
hypertension in this model.
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Figure 1.
Plasma (A) and nonclipped kidney tissue (B) angiotensin II (ANG II) levels in sham-operated
rats and in two-kidney, one-clip Goldblatt hypertensive (2K1C) rats 7 and 27 days after clip
placement. * P<0.05 compared with sham-operated rats.
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Figure 2.
Basal urinary excretion of EETs (A), and DHEETs (B), as well as the basal urinary EETs to
DHETEs excretion ratio (C), and 20-HETE excretion (D) in sham-operated and in two-kidney,
one-clip Goldblatt hypertensive (2K1C) rats 7 and 27 days after clip placement. * P<0.05
compared with sham-operated rats.
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Figure 3.
Renal cortical protein expression of CYP2C3 (A), CYP4A (B) cytochromes and of soluble
epoxide hydrolase, sEH, (C) in sham-operated and in two-kidney, one-clip Goldblatt
hypertensive (2K1C) rats 7 and 27 days after clip placement. * P<0.05 compared with sham-
operated rats.
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Figure 4.
Renal cortical activity of epoxygenase (A), ω-hydroxylase (B) and sEH (C) in sham-operated
and in two-kidney, one-clip Goldblatt hypertensive (2K1C) rats 7 and 27 days after clip
placement. * P<0.05 compared with sham-operated rats.
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Figure 5.
Responses of the glomerular filtration rate (A), renal plasma flow (B), and absolute (C) and
fractional sodium excretion (D) to left renal artery infusion of MS-PPOH in sham-operated
animals or 2K1C rats studied 7 or 27 days after clipping of the right kidney * P<0.05 compared
with the basal pre-infusion values.
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Figure 6.
Responses of the glomerular filtration rate (A), renal plasma flow (B), and absolute (C) and
fractional sodium excretion (D) to left renal artery infusion of DDMS in sham-operated animals
or 2K1C rats studied 7 or 27 days after clipping of the right kidney. * P<0.05 compared with
the basal pre-infusion values.
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