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Abstract

Background—Small renal arteries have a significant role in regulation of renal hemodynamics
and blood pressure (BP). To study potential changes in regulation of vascular function in
hypertension, we examined renal vasodilatory responses of small arteries from nonclipped kidneys
of the two-kidney, one-clip (2K1C) Goldblatt hypertensive rats to native epoxyeicosatrienoic acids
(EETSs) which are believed to be involved in regulation of renal vascular function and BP. Two
newly synthesized EET analogs were also examined.

Methods—Renal interlobular arteries isolated from the nonclipped kidneys on day 28 after
clipping were preconstricted with phenylephrine (PE), pressurized, and the effects of a 14,15-EET
analog, native 14,15-EET, and 11,12-ether-EET-8ZE, an analog of 11,12-EET, on the vascular
diameter were determined and compared to the responses of arteries from the kidneys of sham-
operated rats.

Results—In the arteries from non-clipped kidneys isolated in the maintenance phase of Goldblatt
hypertension the maximal vasodilatory response to 14,15-EET analog was 30.1 + 2.8% versus
49.8 + 7.2% in sham-operated rats; the respective values for 11,12-ther-EET-8ZE were 31.4+ 6.4%
versus 80.4+6%, and for native EETs they were 41.7 + 6.6 % versus 62.8 £ 4.4 % (P < 0.05 for
each difference).

Conclusions—We propose that reduced vasodilatory action and decreased intrarenal
bioavailability of EETs combined with intrarenal ANG 11 levels that are inappropriately high for
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hypertensive rats underlie functional derangements of the nonclipped kidneys of 2K1C Goldblatt
hypertensive rats. These derangements could play an important role in pathophysiology of
sustained BP elevation observed in this animal model of human renovascular hypertension.
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renovascular hypertension; two-kidney; one-clip Goldblatt hypertension; epoxyeicosatrienoic
acids; vasodilatory responses

Introduction

The two-kidney, one-clip (2K1C) Goldblatt model of hypertension is an experimental
paradigm for human renovascular hypertension. Previous studies demonstrated that
increased activity of the renin-angiotensin system (RAS) plays a crucial role in the
development of hypertension in this model [1-4]. However, recent studies have shown that
while plasma angiotensin Il (ANG I1) levels are elevated during the developmental phase of
hypertension, later they normalize [2,5-7]. These findings indicate that enhancement of
systemic RAS activity cannot be the exclusive causative factor of hypertension, especially
during its maintenance phase. It has been suggested that in the stage of advanced 2K1C
hypertension an interaction between RAS and other vasoactive system(s) in the nonclipped
kidney must play an important pathophysiological role [8-11].

Particular attention in cardiovascular and renal research was focused on epoxyeicosatrienoic
acids (EETs), the metabolites of cytochrome 450 (CYP) dependent epoxygenase pathway of
arachidonic acid metabolism. It has been proposed that intrarenal EETs operate as an
endogenous compensatory system with protective actions against increased RAS activity
[7,10,17,19]. Recent studies have shown that during the maintenance phase of hypertension,
the nonclipped kidney of 2K1C Goldblatt rats shows reduced availability of biologically
active EETSs as the result of increased conversion of EETSs to biologically inactive
dihydroxyeicosatrienoic acids (DHETS), an effect dependent on enhanced activity of soluble
epoxide hydrolase (SEH) [10,11]. Based on these studies, it has been postulated that reduced
intrarenal EETSs bioavailability contributes to the derangement of the pressure-natriuresis
relationship in the nonclipped kidney of 2K1C Goldblatt hypertension and, during the
sustained phase of hypertension, plays an important pathophysiological role [7,10].

While the natriuretic action of EETs plays a major role in their antihypertensive properties, a
direct vasodilatory effect of EETs on the renal circulation might be equally important,
particularly in hypertension characterized by an imbalance between vasoconstrictor and
vasodilatory influences [12-14]. EETs have been shown to counteract the usual renal
arteriolar constriction in response to BP elevation as well as to attenuate the vasoconstrictor
effects of endothelin-1 [20,21]. In addition, EETs oppose renal vasoconstrictor actions of
ANG Il [22-25] and this effect might also occur in the arteries of the nonclipped kidneys of
2K1C hypertensive rats.

While beneficial hemodynamic effects of EETs were further emphasized in studies showing
that pharmacological blockade of SEH is associated with improvement of renal blood flow
[10], the responsiveness of hypertensive small renal arteries to EETs has never been studied.
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Considering all the evidence available, we hypothesized that, in addition to the reduced
intrarenal availability of EETSs, the vasculature of the nonclipped kidney of 2K1C Goldblatt
hypertensive rats exhibits impaired vasodilatory responsiveness to EETs. Therefore, in the
present study, we examined vasodilatory responses displayed by small arteries from the
nonclipped kidneys of 2K1C hypertensive and sham-operated rats to native EETs and to two
newly developed EET analogs that are resistant to oxidation and therefore exhibit a greater
stability compared to native EETS.

Materials and Methods

The studies were performed in accordance with the guidelines and practices established by
the Animal Care and Use Committees of the Institute for Clinical and Experimental
Medicine and are in accordance with appropriate regulations in the Czech Republic and
accord with the American Physiological Society Code of Practice for the Care and Use of
Animals for Scientific Purposes. Hannover Sprague-Dawley (HanSD) rats were bred at the
Center for Experimental Medicine.

Preparation of 2K1C Goldblatt Hypertensive Rats

2K1C Goldblatt hypertension was induced as described previously [5,7]. Briefly, male
HanSD rats (initial body weight 100 — 120 g) were anesthetized with a combination of
tiletamine, zolazepam (Zoletil, 8 mg/kg), and xylasine (4 mg/kg, Rometar, Spofa, Czech
Republic) which were administrated intramuscularly. The right renal artery was isolated
through a flank incision and a clip (0.25 mm internal diameter) was placed on the renal
artery. Sham-operated rats underwent the same surgical procedure except placement of the
arterial clip. Throughout the experiment, the animals were housed under conditions of
constant temperature and humidity, maintained on a 12:12-h light-dark cycle, and fed
standard chow, with tap water ad /ibitum. Arteries were isolated from the nonclipped kidney
of 2K1C rats and from the left kidney of sham-operated rats. Only one well-reacting artery
from one animal was used in each experiment. The average systolic blood pressure of our
2K1C rats was 163 + 3 mmHg and of sham-operated rats 113 + 2 mm Hg.

In vitro effects of 14,15-EET analog [disodium (S)-2-(13-(3-pentyl)ureido)-tridec-8(Z)-
enamido)succinate] (EET-A); native 14,15-EET and 11,12-EET, and 11-nonyloxy-
undec-8(2)-enoic acid analog (11,12-ether-EET-8ZE) on vascular diameter of small renal
arteries.

On or soon after day 28 post-surgery, when hypertension was established, animals were
killed by an overdose of thiopental sodium. The non-clipped kidney was flushed, removed
and placed in ice-cold physiological solution. Subsequently, the vessels were prepared as
described in detail previously [26]. Briefly, the kidney was cut longitudinally into two to
three sections from which interlobular arteries were dissected, isolated and cleared of
adhering tubules and connective tissue. The diameter of the vessels was approximately 250
um. After dissection, the arteries were cannulated with glass micropipettes in a pressure
myograph chamber (Danish Myograph Company). Slowly, the intravascular pressure was
raised at 10 mm Hg/min till 80 mm Hg while the vessels were perfused with oxygenated
Krebs solution of the following composition (in mM): 117 NaCl, 4.7 KClI, 2.5 CaCly, 1.2
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MgCly, 1.2 NaH,POy, 25 NaHCO3 and 11 glucose, at 37°C at a flow rate of about 2
ml.min~1. Subsequently, the mounted arteries were slowly pressurized to reach the
intravascular pressure of 80 mmHg and equilibrated. The output of a black-and-white video
camera attached to the microscope was fed to a frame grabber card mounted in a personal
computer. Video images were analyzed using MioVIEW data acquisition software that
continuously acquires the diameter measurements of the blood vessel. Drugs were added
externally via superfusing Krebs solution. The effects of 14,15-EET analog, native 14,15-
EET, and 11,12-ether-EET-8ZE, an analog of 11,12-EET, on the vascular diameter were
determined after the vessels had been preconstricted by submaximal concentration of
phenylephrine (PE) (0.3-1.0 uM). In preliminary studies we found that the contraction
produced by phenylephrine was more stable and reproducible compared to constriction
produced by ANG II.

The chemical structure of 14,15-EET analog and 11,12-EET analog are depicted in Figure 1.
These analogs are resistant to oxidation and degradation by sEH to DHETE [27,28]. 14,15-
EET was purchased from Cayman Pharma (Neratovice, Czech Republic). EET-A and 11,12-
ether-EET-8ZE were synthetized by Professor Falck’s group [27,28].

Avrtery vasodilator responses are expressed as percent dilation of PE-preconstricted vessels.
Half-maximal effective agonist concentration (ECsg) and maximal dilatory response (Emax)
were calculated from least squares fit of the individual agonist concentration-response
curves using the following logistic function from Origin 8.5:

Y={[Emin—Emax|/[14(x/ECs), | +Emax

where Emin is the minimum response and was constrained to zero and n is the slope factor.

Statistical Analysis

Results

All values are expressed as means + SEM. Graph-Pad Prism software (Graph Pad Software,
San Diego, CA, USA) was used for statistical calculations. The differences between groups
for Emax and ECsg were assessed by Student’s two-tailed unpaired #test. Values exceeding

the 95% probability limits (£<0.05) were considered statistically significant.

Phenylephrine produced a stable constriction of interlobular renal arteries. As tested in the
first experimental group, application of 1.0 uM Phenylephrine produced 28.5+5%
constriction in sham arteries and 29 = 5 % constriction in 2K1C arteries. As shown in Figure
2A, PE-preconstricted renal interlobular arteries from sham-operated and from 2K1C rats
responded to application of the 14,15-EET analog with dose-dependent vasodilatation,
however, in 2K1C rats, the dose-response curve to 14,15-EET was slightly shifted to the
right. Moreover, Epmax Was significantly reduced in the arteries of the 2K1C rats as compared
to sham-operated rats (Table 1). The absolute vessel diameter changes are shown in Figure
2B.
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As shown in Figure 3A, PE-preconstricted renal interlobular arteries from 2K1C rats
exhibited a significantly smaller vasodilatory response to native endogenous 14,15-EET as
compared with those of sham-operated rats; E,ax Was significantly lower in the arteries of
the 2K1C rats as compared to sham-operated rats (Table 1). In this experimental group,
application of 1.0 uM Phenylephrine induced 21.5+7% constriction in the arteries of sham-
operated rats and 22+7.2% constriction in 2K1C arteries. Figure 3B shows the absolute
diameter changes.

As shown in Figure 4A, PE-preconstricted renal interlobular arteries from 2K1C rats showed
substantially reduced vasodilatory responses to 11,12-ether-EET-8ZE, the 11,12-EET analog
compared to arteries of sham-operated rats, and, again, Epmax Was substantially lower in
2K1C rats as compared to sham-operated rats (Table 1). In this experimental group,
application of 1.0 uM Phenylephrine induced 33 + 5% constriction in sham-operated rat
arteries and 27+7 % constriction in 2K1C arteries. Figure 4B shows the absolute diameter
changes.

Discussion

The present study demonstrates that renal interlobular arteries isolated from the nonclipped
kidneys of 2K1C Goldblatt hypertensive rats during the maintenance phase of hypertension
exhibit markedly reduced vasodilator responses to both EET analogs and native EETs
compared to arteries from kidneys of sham-operated control rats.

While the dose-response curve to the 14,15-EET analog was only slightly shifted to the right
in the arteries of 2K1C hypertensive rats, the maximal dilatory response was in these arteries
significantly reduced. Vasodilatory responses to native 14,15-EET were also reduced. Of
special interest is also the observation that renal vasodilatation induced by the 14,15-EET
analog was significantly greater compared to native 14,15-EET, both in arteries isolated
from kidneys of sham-operated and 2K1C rats. This observation strengthens the notion that
the appropriate structural modifications of EETs can result in generation of EET analogs
that, being more stable since they are not a substrate for SEH enzyme, exhibit more
pronounced vascular actions compared to native EETs. Such observations enhance the
analogs’ potential therapeutic value [27,28].

Similarly to 14,15-EET, in the arteries isolated from the nonclipped kidneys of 2K1C rats we
found attenuated vasodilator responses to the 11,12-EET analog. On the whole, these
findings indicate that during the maintenance phase of hypertension renal arteries of the
nonclipped kidneys of 2K1C rats are characterized by reduced vasodilator responsiveness to
EETs.

While our data indicate that the vessels from 2K1C hypertensive rats exhibit reduced
responsiveness to EETS, previous studies have also demonstrated impairment of the
vasodilatory function of 2K1C arteries. Dilation to an NO donor or acetylcholine as well as
[B-adrenoreceptor-mediated vasorelaxation were found to be reduced in 2K1C hypertensive
arteries [29,30]. this indicates that some general dysregulation of the mechanisms
contributing to the attenuated hyperpolarization of VSMC might occur in 2K1C
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hypertensive vessels, resulting in decreased vasorelaxation in response to various dilatory
agents.

Since during the maintenance phase of 2K1C hypertension the rats exhibit decreased
intrarenal EET bioavailability in the nonclipped kidneys [7,10,11], it is likely that both
decreased intrarenal EET and reduced vasodilatory responsiveness to EET contribute to the
derangement of the pressure-natriuresis relationship in the nonclipped kidney of 2K1C
Goldblatt hypertension; such combined effect could play an important pathophysiological
role during the sustained phase of hypertension [7,10]. This hypothesis offers a plausible
explanation to the major mystery of 2K1C Goldblatt hypertension, i.e., the reason why the
presumably normal nonclipped kidney does not, as postulated by Guyton, prevent
development of hypertension in its sustained phase [1,2].

What are the mechanism(s) responsible for the reduced vasodilator responsiveness of the
arteries isolated from the nonclipped kidneys of 2K1C rats to EETs?

It is well documented that EETS, in particular 11,12-EET and 14,15-EET isoforms, induce a
direct renal arterial dilation through activation of large-conductance calcium-activated K*
channels (BKc,) and hyperpolarization of vascular smooth muscle cells (VSMC) [12-14].
Thus, by regulating the activity of BKc,, EETS can directly control the membrane potential
of VSMC and the vascular tone [12-14,17,19]. Therefore, one can hypothesize that a
functional impairment of BK¢, in the nonclipped kidneys of 2K1C rats is responsible for the
reduction of vasodilatory responses to EETs. Indeed, it was reported that deficient activity of
BKc, in the aorta of 2K1C rats contributed to the impaired acetylcholine-induced and nitric
oxide (NO)-mediated vasorelaxation [26,27]. Changes in the expression of BK channel
subunits have been suggested to play a significant role in alteration of vascular responses in
a number of physiological and pathological conditions. Exploration of the involvement of
BK channels in vasodilation and possible alterations of their function in hypertension would
be a fascinating subject of a mechanistic study that is beyond the scope of our present work.

Another established mechanism by which EETs produce vasodilation is by activating small
and intermediate K¢, channels in endothelial cells through transient receptor potential
canonical channels types 3 and 6 (TRPC3 and TRPC6) which promote VSMC
hyperpolarization [15,16]. Changes in the function of these receptor channels in
hypertension might also contribute to diminished vasorelaxation to EETSs. These receptor
channels would also be an interesting target to look at in a mechanistic study.

It is evident that the mechanisms whereby EETSs elicit vasodilatation are complex and an
impairment of one or more of these mechanisms might be responsible for the reduced
vasodilator responses in the nonclipped kidneys of 2K1C rats. In this regard, it is important
to recognize that also the metabolites of CYP-dependent w-hydroxylase pathway of
arachidonic acid, such as 20-hydroxyeicostetraenoic acid (20-HETE), play an important role
in the regulation of renal and systemic vascular tone, sodium excretion and pathophysiology
of hypertension [17,26, 31]. In our previous study, we found that the nonclipped kidney of
2K1C rats in the phase of sustained hypertension simultaneously exhibits decreased
intrarenal EETs and increased 20-HETE levels as compared with the kidney of sham-
operated animals [7]. Since it is well known that 20-HETE itself is a potent vasoconstrictor
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and also potentiates the vasoconstrictor response to ANG |1 [32,33], it is likely that complex
alterations in CYP-derived metabolites of arachidonic acid in the nonclipped kidney
contribute to the pathophysiology of Goldblatt hypertension during its sustained phase.

Conclusions

In summary, we showed that during the maintenance phase of hypertension small arteries of
the nonclipped kidneys of 2K1C Goldblatt hypertensive rats exhibit vasodilator responses to
EETs that are distinctly reduced compared to arteries from sham-operated normotensive rats.
This fact may have pronounced physiological implications in hypertension that is
characterized by an increased action of vasoactive hormones and enhanced microvascular
reactivity to multiple vasoconstrictors. The present study shows that the increased vascular
tone is not being compensated by the action of vasodilatory EETs. The attenuated EET—
mediated vascular dilation could be partly responsible for reduced renal blood flow found in
renovascular hypertension. Collectively, reduced vasodilatory action of EETs combined with
decreased intrarenal EETs bioavailability and with intrarenal ANG 11 levels that are
inappropriately high for hypertensive rats could importantly contribute to functional
derangements of the nonclipped kidneys of 2K1C Goldblatt hypertensive rats. Such
derangements might play an important role in the pathophysiology of sustained hypertension
in this model of human renovascular hypertension.
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(A) Chemical structure of sodium (5)-2-(Z2)-(13-(3-pentyl)ureido)-tridec-8(2)-
enamido)succinate, an agonistic orally-active analog of 14,15-epoxyeicosatrienoic acid. (B)
Chemical structure of 11-nonyloxy-undec-8(Z)-enoic acid (11,12-ether-EET-8ZE), an
analog of 11,12-epoxyeicosatrienoic acid.
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Figure 2.

Vasodilator effects of 14,15-epoxyeicosatrienoic acid analog (14,15-EET analog) (A) in
phenylephrine-preconstricted renal interlobular arteries isolated from nonclipped kidneys of
two-kidney, one-clip (2K1C) rats or from kidneys of sham-operated rats. *£<0.05 versus
sham-operated rats at the same concentration. Figure B depicts the absolute changes of the
diameter.
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Fig. 3A
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Figure 3.

Vasodilator effects of 14,15-epoxyeicosatrienoic acid (14,15-EET) in phenylephrine-
preconstricted renal interlobular arteries isolated from nonclipped kidneys of two-kidney,
one-clip (2K1C) rats or from kidneys of sham-operated rats (A). */£<0.05 versus sham-
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operated rats at the same concentration. Figure B depicts the absolute changes of the
diameter.
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Fig. 4A
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Figure 4.
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Vasodilator effects of 11,12-epoxyeicosatrienoic acid analog (11,12-ether-EET-8ZE) in
phenylephrine-preconstricted renal interlobular arteries isolated from nonclipped kidneys of
two-kidney, one-clip (2K1C) rats or from kidneys of sham-operated rats (A). *£<0.05 versus
sham-operated rats at the same concentration. The figure 4B depicts the absolute changes of
the diameter.
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Table 1

Maximal dilatory responses (Emax) and half maximal effective concentration (EC50) to produce vascular
dilation of phenylephrine-preconstricted renal interlobular arteries for 14,15-EET and the two analogs.

14,15-EETs Shams, n=7 2KI1C, n=6
Emax (%) 628+44  4174+66"
EC50 (nM) 16.8 + 10 16.9+9
14,15-EET analog Shamsn=9 2K1C n=9
Emax 49.8+7.2 301+28%
EC50 (nM) 18+ 10 55 + 17
11,12-ether-EET-8ZE  Shamsn=6 2K1C n=7
Emax 80.8 6.5 314+64
EC50 (UM) 0.26+0.22 025+0.24

14,15-EET analog: sodium (S5)-2-(Z)-(13-(3-pentyl)ureido)-tridec-8(2)-enamido)succinate, an agonistic orally-active analog of 14,15-
epoxyeicosatrienoic acid, 11,12-ether-EET-8ZE: 11-nonyloxy-undec-8(Z)-enoic acid, an analog of 11,12-epoxyeicosatrienoic acid, Emax —
maximal response, EC50 — concentration of drug which produces 50% response

P<0.05 versus sham-operated rats.
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