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Summary

The detailed mechanisms determining the course of congestive
heart failure (CHF) and associated renal dysfunction remain
unclear. In a volume overload model of CHF induced by creation
of aorto-caval fistula (ACF)
(HanSD) rats we explored the putative pathogenetic contribution

in Hannover Sprague-Dawley

of epoxyeicosatrienoic acids (EETSs), active products of CYP-450
dependent epoxygenase pathway of arachidonic acid metabolism,
and compared it with the role of the renin-angiotensin system
(RAS). Chronic treatment with c¢is-4-[4-(3-adamantan-1-yl-ureido)
cyclohexyloxy]benzoic acid (c-AUCB, 3 mg/l in drinking water),
an inhibitor of soluble epoxide hydrolase (sEH) which normally
degrades EETs, increased intrarenal and myocardial EETs to
levels observed in sham-operated HanSD rats, but did not
improve the survival or renal function impairment. In contrast,
(ACE;i,
trandolapril, 6 mg/I in drinking water) increased renal blood flow,

chronic  angiotensin-converting enzyme inhibition

fractional sodium excretion and markedly improved survival,
without affecting left ventricular structure and performance.
Hence, renal rather than cardiac

dysfunction remodeling

determines long-term mortality in advanced stage of CHF due to
volume overload. Strong protective actions of ACEi were
associated with suppression of the vasoconstrictor/sodium
retaining axis and activation of vasodilatory/natriuretic axis of the
renin-angiotensin system in the circulating blood and kidney

tissue.
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Introduction

Chronic heart failure (CHF) is a major public
health problem, with a prevalence of more than
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5.8 million in the United States and with steadily
increasing prevalence worldwide. In Europe, CHF affects
currently almost 4 % of the adult population (Dickstein et
al. 2008, Roger 2013). Despite the recent therapeutical
advances, the prognosis of CHF still remains poor
(Dickstein et al. 2008, Katz 2003, Roger 2013).
Development of renal dysfunction in the context of CHF
due to impairment of renal hemodynamics and sodium
excretion (Braam et al. 2014, Giamouzis et al. 2013) is
associated with markedly increased risk of death (Ronco
et al. 2008). Therefore, exploration of pathophysiological
mechanisms and examination of novel therapeutical
approaches targeting renal dysfunction in CHF are
needed to improve prognosis.

Vast evidence indicates that epoxyeicosatrienoic
(EETs), P-450 (CYP)-dependent
metabolites of arachidonic acid, are involved in the

acids cytochrome
regulation of cardiovascular and renal function
(Elmarakby 2012, Imig 2012). EETs are biologically
unstable (Elmarakby 2012, Imig 2012), which limits their
direct therapeutical potential. However, tissue EET
bioavailability can be increased by blocking soluble
epoxide hydrolase (sEH), an enzyme responsible for
degradation of EETs to biologically inactive
dihydroxyeicosatrienoic acids (DHETEs) (Elmarakby
2012, Honetschlagerova et al. 2011, Imig 2012, Kopkan
et al. 2013, Kujal et al. 2014, Neckat et al. 2012,
Sporkova et al. 2011). Increasing tissue EETs levels by
preventing their degradation to DHETEs was shown to
have antihypertensive effect related to EETs-mediated
vasodilation and to direct influence on renal tubular
transport of sodium (Elmarakby 2012, Honetschlagerova
et al. 2011, Imig 2012, Kopkan et al. 2012). Moreover, it
has been shown that experimental alteration of the gene
encoding sEH (Ephx2) facilitates the progression from
hypertension and cardiac hypertrophy to CHF, and Ephx2
locus was identified as a CHF susceptibility gene in a rat
model of hypertension and CHF (Monti et al. 2008).
Furthermore, many studies indicate a protective action of
EETs against ischemia/reperfusion (I/R) injury of the
heart (Imig 2012, Neckaf et al. 2012), and an acceleration
of cardiac remodeling in chronic kidney disease (CKD)
(Zhang et al. 2013). It has also been shown that
augmentation of EETs’ bioavailability by sEH inhibition
improved left ventricular (LV) diastolic and systolic
function in ischemic model of CHF (Li ef al. 2009,
Merabet et al. 2012). Finally, a recent study has
demonstrated that chronic sEH inhibition substantially

attenuated the progression of CKD in Ren-2 transgenic
rats (a unique well-defined monogenetic model of
angiotensin II (ANG II)-dependent hypertension)
subjected to 5/6 renal mass reduction (5/6 NX) (Kujal et
al. 2014).

Taken together, these findings suggest that sEH
inhibitors may present a new class of drugs for treatment
in particular of CHF.
However, no evidence is available to indicate that chronic

of cardiovascular diseases,

sEH inhibition results in a prolongation of life in
individuals with advanced CHF associated with evident
renal dysfunction. The rat with CHF induced by aorto-
caval fistula (ACF) presents a well-defined model of
chronic heart failure due to volume overload,
characterized by activation of the renin-angiotensin
system (RAS), congestion and impairment of renal
function; the model has many features in common with
untreated human CHF (Abassi et al. 2011, Benes et al.
2011, Benes Jr. et al. 2011, Brower et al. 1996, Cohen-
Segev et al. 2014, Garcia and Diebold 1990, Hutchinson
et al. 2011, Lear et al. 1997, Melenovsky et al. 2011,
2012, Oliver-Dussalut et al. 2010, Petrak et al. 2011,
Pieruzzi et al. 1995, Ruzicka et al. 1993, Yang et al
1993, Wang et al. 2003).

In an attempt to address the issues regarding
pathogenesis of renal dysfunction in CHF, we aimed here
to evaluate the effects of chronic treatment with
an sEH

cyclohexyloxy]benzoic acid (c-AUCB), on the mortality

inhibitor, cis-4-[4-(3-adamantan-1-yl-ureido)
and morbidity indices and on renal function in male,
normotensive Hannover Sprague-Dawley (HanSD) rats
with ACF-induced CHF. In order to further elucidate the
possible beneficial effects of chronic sEH inhibition on
the course of ACF-induced CHF, the cardiac structure
and function were determined by echocardiography and
invasive pressure-volume analysis of the left ventricle,
respectively. Finally, to gain a more detailed insight in
the possible role of interactions of CYP-derived
metabolites with RAS in the pathophysiology of CHF-
related renal dysfunction, we determined plasma, heart
and renal concentrations of EETs, DHETEs,
20-hydroxyeicosatrienoic acid (20-HETE), ANG II and
angiotensin-1-7 (ANG 1-7) in untreated and c-AUCB-
treated sham-operated and ACF HanSD rats. In addition,
kidney and heart tissue protein expressions of CYP2C3,
one of the major enzymes responsible for EETSs
formation, and of sEH, the enzyme responsible for
degradation of EETs, were determined.
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Materials and Methods

Animals

All HanSD rats used in the present study were
bred at the Center for Experimental Medicine from stock
animals supplied from Max Delbriick Center for
Molecular Medicine, Berlin (we acknowledge the
generous gift of Drs. Bader and Ganten). Animals were
fed a standard rat chow containing 0.4 % sodium chloride
(SEMED, Prague, Czech Republic), with free access to
tap water throughout the whole experimental protocol.
All the animals used in the study were housed in facilities
accredited by the Czech Association of Laboratory
Animal Care. 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, Prague, and of the Second
Faculty of Medicine, Charles University, Prague, which
accord with the European Convention on Animal

Protection and Guidelines on Research Animal Use.

CHF model and chronic treatments

CHF was induced by volume overload which
results from placement of ACF, using a needle technique
(18-gauge needle — diameter 1.2 mm) as originally
described by Garcia and Diebold (1990) and employed
and validated by many investigators including our own
group (Abassi et al. 2011, Benes et al. 2011, Benes Jr. et
al. 2011, Brower et al. 1996, Garcia and Diebold 1990,
Hutchinson et al. 2011, Lear et al. 1997, Melenovsky et
al. 2011, 2012, Oliver-Dussalut et al. 2010, Petrak et al.
2011, Pieruzzi et al. 1995, Ruzicka et al. 1993, Yang et
al. 1993, Wang et al 2003). Sham-operated rats
underwent a similar procedure but without creating ACF.
c-AUCB, the sEH inhibitor (sEHi) was synthesized by
S.HH. and B.D.H. in their laboratory by methods
described and validated previously (Hwang et al. 2007).
c-AUCB was prepared freshly and given in drinking
water at 3 mg/l. The
c-AUCB was
polyethyleneglycol and added with rapid stirring to warm

appropriate amount of

dissolved with gentle warming in

drinking water to give a 0.1 % aqueous solution of
polyethylenglycol (Hwang et al. 2007). The dose of
c-AUCB was selected based on our recent studies where
it elicited substantial increases in tissue concentration of
EETs without altering RAS activity (Kujal et al. 2014).
We chose the c-AUCB dose that blocks sEH activity
without altering plasma and tissue ANG II levels with
an intention to separate and evaluate the effect of EETs

elevation alone on the course of ACF-induced CHF.
Since therapeutic regimes involving inhibition of RAS
are common or even standard in the therapy of CHF
(Ichikawa et al. 1984, Katz 2003, Pfeffer et al. 1983,
1995, Roger 2013, Schroten et al. 2012), we employed
also the treatment with ACEi to compare the effects with
c-AUCB-treated  groups.
Trandolapril (6 mg/l in drinking water; Gopten; Abbot,
Prague, Czech Republic), was used to inhibit ACE
because in our previous studies and here in preliminary

those obtained in the

experiments we demonstrated that at this dose the drug
provided maximal blockade of RAS and was well
tolerated both by rats with ACF-induced CHF and by
sham-operated animals (Kujal et al. 2014).

Experimental design
Series 1: Assessment of RAS and CYP metabolites in the
early phase after ACF-induced CHF
The aim of this series of experiments was to
evaluate the degree of activation of the two axes of the
RAS: the vasoconstrictor ACE/ANG II axis, and the
vasodilator ACE type 2 (ACE2)/ANG 1-7 axis, together
with determination of the rate of synthesis along the two
CYP-dependent pathways, those of epoxygenase and
®-hydroxylase. Male HanSD rats aged 9 weeks were
divided into two experimental groups (the follow-up
period was 10 weeks):
1. Sham-operated HanSD rats + vehicle (water)
treatment (n=11)
2. ACF HanSD rats + water treatment (n=12)

Effects of ACF induction on plasma and kidney ANG II
and ANG 1-7 concentrations

Since it is now well recognized that ANG II and
ANG 1-7 concentrations in anesthetized animals are
higher than those obtained from decapitated conscious
rats, at the end of experiment plasma and tissue ANG 11
levels were measured by radioimmunoassay. This
approach enabled us also to compare the present results
with those from our earlier studies of the role of the RAS
in the pathophysiology of various cardiovascular diseases
(Burgelova et al. 2009, Cervenka et al 2015,
Honetschlagerova et al. 2011, Huskova et al. 2010).

Effects of ACF induction on tissue concentrations of
EETs and DHETESs, and Western blot analysis of protein
expression of CYP enzymes

The levels of EETs and DHETEs in the kidney
cortex and LV tissue were measured. The samples were
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extracted, the extracts were separated by reverse-phase
high performance liquid chromatography and analyzed by
negative-mode electrospray ionization and tandem mass
spectroscopy as described previously (Honetschlagerova
et al. 2011, Neckat et al. 2012). Specifically, 8,9-EETs,
11,12-EETs and 14,15-EETs were measured separately
and then pooled and presented jointly. These metabolites
are the most active products formed in the CYP
epoxygenase pathway (Imig 2012). The EETs/DHETES
ratio was calculated from total concentrations of EETs
and of DHETEs. Western blot analysis of protein
of CYP2C23, the
predominantly responsible for the formation of EETs, and

expression enzyme that is
of sEH, the enzyme responsible for the conversion of
EETs to DHETEs, were performed as described
previously (Kopkan ef al. 2012, Neckai et al. 2012,
Sporkova et al. 2011), with levels normalized against
B-actin. In addition, 20-HETE and protein expression for
CYP4A, the enzyme responsible for the formation of
20-HETE, were analyzed in the renal and LV tissues as
described previously (Kopkan et al. 2012, Neckar et al.
2012).

Series 2: Effects of sEH and ACE inhibition on the
survival rate and signs of CHF

Male HanSD rats of the same age as in series 1
(9 weeks) were derived from several litters randomly
assigned to experimental groups, to make sure that
animals from a single litter did not prevail in any group.
Animals underwent either sham-operation or ACF
creation as described above (on the week labeled as —10)
and were left without treatment for 10 weeks. Previous
studies have shown that 10 weeks after ACF operation
cardiac remodeling and renal functional characteristics
typical for CHF become apparent. At that time, the rats
are at the stage of compensated CHF and still exhibit
100 % survival (Melenovsky et al. 2012). At this time
point (week 0) the rats were divided into the following
experimental groups:

1. Sham-operated HanSD rats + water (initial n=10)
2. ACF HanSD rats + water (initial n=32)
3. ACF HanSD rats + sEHi (initial n=28)
4. ACF HanSD rats + ACE:i (initial n=27)

The follow-up period was 40 weeks. The rats
were inspected daily and body weight (BW) was
determined three times per week. In addition, always the
same experienced technician (P.S.) monitored animals for
presence of CHF symptoms using a scoring system that
was developed and verified previously (Melenovsky et al.

2012). Briefly, each animal was scored with respect to
five features of rat CHF: a) presence of raised fur
(piloerection), b) diminished activity (lethargy),
¢) peripheral cyanosis, d) rapid or labored breathing
(dyspnea) and e) abdominal swelling (ascites). Each
symptom was scored on the scale from 0 to 3 points and
a CHF score was calculated for each animal as a sum of

individual points.

Series 3: Effects of sSEH and ACE inhibition on ANG II,
ANG 1-7, EETs, DHETEs and 20-HETE concentration

Animals were prepared as described in series 2
and on week 0 the pharmacological treatment was
initiated for a period of 10 weeks. At the end of
experiment (on week +10) the rats were killed by
decapitation and plasma and kidney ANG II, ANG 1-7,
EETs, DHETEs and 20-HETE were measured as
described for series 1. The following experimental groups
were examined:

1. Sham-operated HanSD rats + water (n=8)
Sham-operated HanSD rats + sEHi (n=8)
Sham-operated HanSD rats + ACEi (n=7)

ACF HanSD rats + water (n=9)
ACF HanSD rats + sEHi (n=9)
ACF HanSD rats + ACEi (n=9)

AR

Series 4: Effects of sEH and ACE inhibition on renal
hemodynamics and excretory function

The following experimental groups exposed to
the same protocol as animals in series 3 were examined:
Sham-operated HanSD rats + water (n=7)
Sham-operated HanSD rats + sEHi (n=7)
Sham-operated HanSD rats + ACEi (n=8)
ACF HanSD rats + water (n=12)
ACF HanSD rats + sEHi (n=11)
ACF HanSD rats + ACEi (n=10)
At the end of the experimental protocol (on

A S

week +10), the rats were anesthetized and acute clearance
experiments were performed as described in detail in our
previous studies, to determine renal hemodynamics and
excretory parameters (Honetschlagerova et al. 2011,
Sporkova et al. 2011).

Series 5: Effects of sEH and ACE inhibition on basal

cardiac  function parameters assessed by
echocardiography and by pressure-volume analysis
In this series the following groups, subjected to

the same protocol as animals in series 3, were studied.
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Sham-operated HanSD rats + water (n=8)
Sham-operated HanSD rats + sEHi (n=8)
Sham-operated HanSD rats + ACEi (n=9)

ACF HanSD rats + water (n=10)

ACF HanSD rats + sEHi (n=10)

ACF HanSD rats + ACEi (n=10)

At the end of the experimental protocol, animals

AR e

were anesthetized by intraperitoneal (i.p.) administration
of ketamine/midazolam combination (50 mg and 5 mg/kg
of body weight, respectively) and echocardiography was
performed as described in our recent studies (Benes ef al.
2011, Neckar et al. 2012). Subsequently, rats were
plastic cannula, relaxed with
0.16 mg/kg) and artificially
ventilated (rodent ventilator Ugo Basile, Italy). LV

intubated with a
pancuronium (Pavulon,

function was invasively assessed by 2F Pressure-Volume
(P-V) micromanometry catheter (Millar Instruments)
introduced into the LV cavity via the right carotid artery
after previous vagal blockade (atropin 0.10 mg/kg)
(Pacher et al. 2008). Volume signal was calibrated by
end-diastolic and and-systolic volume obtained shortly
before invasive recordings. Data were acquired using an
8-channel Power lab recorder and were analyzed by
Labchart Pro software (ADinstruments, Australia).
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Statistical analysis

Statistical analysis of the data was performed
using Graph-Pad Prism software (Graph Pad Software,
San Diego, California, USA). Analysis of variance
(ANOVA) for repeated measurements, followed by
Student-Newman-Keuls test, was performed for analysis
within groups (e.g. survival rate). Statistical comparison
of other results was made by Student’s t-test, Wilcoxon's
signed-rank test for unpaired data or one-way ANOVA
when appropriate. Unless otherwise indicated, values are
expressed as mean £ SEM. A p value less than 0.05 was
considered statistically significant.

Results

Series 1: Assessment of RAS and CYP metabolites in the
early phase after ACF-induced CHF

As shown in Figures 1A and 1B, 10 weeks after
induction of ACF (i.e. on week 0) plasma and kidney
ANG II levels were significantly higher in untreated ACF
HanSD rats than in sham-operated HanSD rats. Similarly,
plasma and kidney ANG
significantly higher in untreated ACF HanSD rats than in
sham-operated HanSD rats (Figs 1C and 1D).

1-7 concentrations were
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Fig. 1. Initial values of plasma angiotensin II (ANG II) (A) and angiotensin-1-7 (ANG 1-7) levels (C) and kidney ANG II (B) and
ANG 1-7 (D) found before treatment in untreated sham-operated Hannover Sprague-Dawley (HanSD + water) rats and in untreated
HanSD rats with aorto-caval fistula (ACF HanSD + water). * P<0.05 compared with HanSD + water.
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Fig. 2. Initial values of kidney and myocardial epoxyeicosatrienoic acids (EETs)/dihydroxyeicosatrienoic acids (DHETEs) ratio (A and D),
expression of CYP2C23 (B and E) and soluble epoxide hydrolase (sEH) proteins (C and F) found before treatment in untreated sham-
operated Hannover Sprague-Dawley (HanSD + water) rats and in untreated HanSD rats with aorto-caval fistula (ACF HanSD + water).
* P<0.05 compared with HanSD + water.

As shown in Figure 2A, the intrarenal  operated HanSD rats. Densitometric analysis revealed no
availability of biologically active epoxygenase  significant differences in CYP2C3 protein expression in
metabolites, expressed as the EETs/DHETESs ratio, was  the renal cortex between ACF HanSD rats and sham-
significantly lower in ACF HanSD rats than in sham-  operated HanSD rats (data normalized against B-actin,
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Fig. 2B).
significantly higher in ACF HanSD rats than in sham-
operated HanSD rats (Fig. 2C). Figures 2D, 2E and 2F
show that LV myocardial tissue exhibits a similar pattern,

In contrast, sEH protein expression was

i.e. lower availability of epoxygenase metabolites, no
significant change in CYP2C3 protein expression, and
significantly higher sEH protein expression in ACF
HanSD rats than observed in sham-operated HanSD rats.
There were no significant differences in the renal
and LV myocardial tissue availability of biologically
active -hydroxylase metabolites, such as 20-HETE, and
CYP4A protein expression between ACF HanSD rats and
sham-operated HanSD rats (data not shown).

Series 2: Effects of sEH inhibition on the survival rate
and signs of CHF

All sham-operated HanSD rats survived until the
end of the experiment. As shown in Figure 3A, untreated
ACF HanSD rats began to die by week 10 (i.e. 20 weeks
after induction of ACF) with a final survival rate of 43 %.
Treatment with sEHi did not improve survival rate in ACF
HanSD rats as compared with untreated ACF HanSD rats.
In contrast, treatment with ACEi dramatically improved
survival rate, to 95 %, which was not significantly different
from that in sham-operated HanSD rats.

As shown in Figure 3B, the average BW curves
were almost identical in sham-operated HanSD rats,
untreated ACF HanSD rats and ACF HanSD rats treated
with sEHi. Beginning from the week 16 of treatment with
ACEi, ACF HanSD rats showed significantly lower BW
than that recorded in sham-operated HanSD rats, untreated
ACF HanSD rats and ACF HanSD rats treated with sEHi.

As shown in Figure 3C, four weeks before death
the CHF score in our ACF animals exceeded the threshold
for the CHF established previously (Melenovsky et al.
2012), and then progressively increased, reaching the
maximum two weeks before death. There were no
significant differences in this parameter in any of ACF
groups and CHF score in sham-operated rats was close to
zero throughout the experiment.

Series 3: Effects of sSEH and ACE inhibition on ANG II,
ANG 1-7, EETs, DHETEs and 20-HETE concentrations
As shown in Figures 4A and 4C, neither sEHi
nor ACEi treatment altered plasma ANG II or ANG 1-7
levels in sham-operated rats. However, ACEi (but not
sEHi) significantly decreased kidney ANG II and
increased kidney ANG 1-7 concentrations in these rats
(Figs 4B and 4D). Treatment with sEHi did not modify

kidney ANG II concentrations and plasma and kidney
ANG 1-7 levels in ACF HanSD rats. In contrast,
treatment with ACEi markedly reduced plasma and
kidney ANG II levels and significantly increased plasma
and kidney ANG 1-7 concentrations in ACF + ACEi
group (Figs 4A to 4D).
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Fig. 3. Effects of treatment on survival rates (A), body weight
changes (B) and total heart failure score before death (C) in
untreated sham-operated Hannover Sprague-Dawley (HanSD +
water) rats, in untreated HanSD rats with aorto-caval fistula (ACF
HanSD + water), in ACF HanSD rats treated with soluble epoxide
hydrolase inhibitor (sEHi) (ACF HanSD + sEHi) and in ACF HanSD
rats treated with angiotensin-converting enzyme inhibitor (ACEi)
(ACF HanSD + ACEi). * P<0.05 compared with HanSD + water.



864

Cervenka et al.

Vol. 64

A [ HanSD + water ACF HanSD + water Cc

B HanSD + sEHi ACF HansD + SEHi [JHanSD + water
[0 HanSD+ACEi [l ACF HanSD + ACEi W HanSD + sEHi
[0 HanSD + ACEi
£ £
s 3
£ £
@ ry
= 5
g -
E 2
: :
g g
T 8
o
B [ HanSD + water ACF HanSD + water D [0 HanSD + water
B HanSD + sEHi ACF HanSD + sEHi B HanSD + sEHi
[0 HanSD + ACEi B ACF HanSD + ACEi [ HanSD + ACEi

o N a
S o S

Kidney ANG 1-7 (fmol/g)
g o

Kidney ANG Il levels (fmol/g)

»
o

B

As shown in Figures 5A and 5B, neither sEHi
nor ACEi treatment altered renal tissue or LV myocardial
availability of biologically active epoxygenase
metabolites (when expressed as the EETs/DHETEs ratio)
in sham-operated HanSD rats. In ACF HanSD rats sEHi
markedly increased EETs/DHETEs ratios to values
observed in sham-operated HanSD rats, similarly in the
kidney and in the LV myocardium. In contrast, ACEi
treatment did not change EETs/DHETEs ratio values.
There were no significant differences in the renal and
LV myocardial 20-HETE concentrations in any of
experimental groups (data not shown).

Series 4: Effects of sEH and ACE inhibition on renal
hemodynamics and excretory function

As shown in Figure 6A, untreated ACF HanSD
rats showed significantly lower mean arterial pressure
(MAP) as compared with untreated sham-operated
HanSD rats. The treatment with either sEHi or ACEi did
not change MAP in ACF HanSD rats. In contrast,
treatment with ACEi significantly lowered MAP in sham-
operated HanSD rats when compared with untreated and
sEHi-treated sham-operated HanSD rats.

As shown in Figure 6B, there were no significant
differences in the glomerular filtration rate (GFR)
between any of experimental groups, however, GFR
tended to be lower in ACF compared to sham-operated
rats.

As shown in Figure 6C, untreated ACF HanSD

Fig. 4. Effects of treatment on plasma
angiotensin II (ANG II) (A) and angiotensin-
1-7 (ANG 1-7) levels (C) and kidney ANG II
(B) and ANG 1-7 (D) in untreated sham-
operated Hannover Sprague-Dawley (HanSD
+ water) rats, in HanSD rats treated with
soluble epoxide hydrolase inhibitor (sEHi)
(HanSD + sEHi), in HanSD rats treated with
angiotensin-converting enzyme inhibitor
(ACEi) (HanSD + ACEi), in untreated HanSD
rats with aorto-caval fistula (ACF HanSD +
water), in ACF HanSD rats treated with sEHi
(ACF HanSD + sEHi) and in ACF HanSD rats
treated with ACEi (ACF HanSD + ACEi).
* P<0.05 compared with HanSD + water.
# P<0.05 compared with * marked values.
@ P<0.05 compared with all other values.

ACF HanSD + water
ACF HanSD + sEHi
B ACF HanSD + ACEi

ACF HanSD + water
ACF HanSD + sEHi
B ACF HanSD + ACEi

rats displayed significantly lower renal blood flow (RBF)
as compared with their untreated or sEHi- and ACEi-
treated sham-operated counterparts. Treatment with sEHi
did not significantly change RBF in ACF HanSD rats. In
contrast, ACEi treatment significantly increased RBF in
ACF HanSD rats, however, it remained significantly
lower than in untreated sham-operated HanSD rats.

As shown in Figures 6D and 6E, untreated ACF
HanSD rats exhibited substantially lower urine flow and
fractional sodium excretion as compared with untreated
or sEHi- and ACEi-treated sham-operated HanSD rats.
Treatment with sEHi did not increase urine flow or
fractional sodium excretion in ACF HanSD rats. In
contrast, treatment with ACEi raised urine flow in ACF
HanSD rats to levels observed in untreated sham-operated
HanSD rats and significantly increased fractional sodium
excretion which, however, was still lower than in
untreated sham-operated HanSD rats. Absolute sodium
excretion showed a pattern similar as that seen with
fractional sodium excretion (data not shown).

As shown in Figure 6F, untreated ACF HanSD
rats showed markedly higher fractional potassium
excretion than was observed in untreated or sEHi- or
ACEi-treated sham-operated HanSD rats, likely due to
secondary hyperaldosteronism. Treatment with sEHi did
not alter fractional potassium excretion in ACF HanSD
whereas ACEi
potassium excretion to levels observed in untreated sham-

rats, treatment normalized fractional

operated HanSD rats.
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Fig. 5. Effects of treatment on kidney (A) and myocardial (B)
epoxyeicosatrienoic acids (EETs)/dihydroxyeicosatrienoic acids
(DHETES) ratio in untreated sham-operated Hannover Sprague-
Dawley (HanSD + water) rats, in HanSD rats treated with soluble
epoxide hydrolase inhibitor (sEHi) (HanSD + sEHi), in HanSD rats
treated with angiotensin-converting enzyme inhibitor (ACEi)
(HanSD + ACEi), in untreated HanSD rats with aorto-caval fistula
(ACF HanSD + water), in ACF HanSD rats treated with sEHi
(ACF HanSD + sEHi) and in ACF HanSD rats treated with ACEi
(ACF HanSD + ACEi). * P<0.05 compared with HanSD + water.

Myocardial EETs/DHETEs ratio

Series 5: Effects of sEH and ACE inhibition on basal
cardiac function assessed by echocardiography and by
pressure-volume analysis

Figures 7 and 8 summarize the evaluation of
cardiac function by echocardiography.

As shown in Figures 7A, 7B and 7C, untreated
ACF HanSD rats exhibited cardiac hypertrophy reflected
by increased heart weight (HW) to BW ratio, increased
cardiac output (dependent on the presence of shunt) and
a significant decrease in LV fractional shortening as

compared with untreated sham-operated HanSD rats,
which indicated LV systolic dysfunction. Treatment with
either sEHi or ACEi did not change any of these
parameters, similarly in sham-operated and ACF HanSD
rats. ACF HanSD rats displayed significantly lower heart
rate than sham-operated rats.

As shown in Figures 8A and 8B, untreated ACF
HanSD rats showed marked right ventricle (RV) and LV
diastolic diameters than observed in untreated ACF
HanSD rats. Treatment with either sEHi or ACEi had no
effect on ventricular volumes, similarly in sham-operated
and ACF HanSD rats.

As shown in Figure 8C, there was no significant
difference in LV posterior wall thickness between
untreated ACF HanSD rats and untreated sham-operated
HanSD rats. Treatment with either sEHi or ACEi did not
alter LV posterior wall thickness in sham-operated rats.
In contrast, both sEHi and ACEi treatments decreased LV
posterior wall thickness in ACF HanSD rats. As shown in
Figure 8D,
displayed significantly higher values of interventricular

untreated sham-operated HanSD rats
septum thickness as compared with all the other groups.

Figures 9 and 10 summarize the assessment of
basal cardiac function by left ventricular pressure volume
analysis. As shown in Figure 9A, untreated sham-
operated HanSD rats showed significantly higher LV
peak pressure than untreated ACF HanSD rats. Both sEHi
and ACEi treatments significantly lowered LV peak
pressure in sham-operated HanSD rats, but did not
modify it in ACF HanSD rats.

As shown in Figure 9B, untreated ACF HanSD
rats exhibited significantly higher LV end-diastolic
volume than that seen in untreated sham-operated HanSD
rats. Treatment with either sEHi or ACEi did not change
LV end-diastolic volume in sham-operated or ACF
HanSD rats.

As shown in Figure 9C, untreated sham-operated
HanSD rats showed significantly higher maximum rates
of pressure rise [+(dP/dt)m.x] than untreated ACF HanSD
rats. Treatment with sEHi or ACEi significantly lowered
+(dP/dt) . in sham-operated HanSD rats, but did not
change it in ACF HanSD rats.

As shown in Figure 9D, untreated sham-operated
HanSD rats exhibited significantly greater maximum
rates of pressure fall [—(dP/dt)..] as compared with
untreated ACF HanSD rats. Treatment with sEHi or
ACEi did not alter —(dP/dt),,.x in sham-operated or ACF
HanSD rats.
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Fig. 6. Effects of treatment on mean arterial pressure (A), glomerular filtration rate (B), renal blood flow (C), urine flow (D), fractional
sodium excretion (E), fractional potassium excretion (F) in untreated sham-operated Hannover Sprague-Dawley (HanSD + water) rats,
in HanSD rats treated with soluble epoxide hydrolase inhibitor (sEHi) (HanSD + sEHi), in HanSD rats treated with angiotensin-
converting enzyme inhibitor (ACEi) (HanSD + ACEi), in untreated HanSD rats with aorto-caval fistula (ACF HanSD + water), in
ACF HanSD rats treated with sEHi (ACF HanSD + sEHi) and in ACF HanSD rats treated with ACEi (ACF HanSD + ACEi). * P<0.05
compared with HanSD + water. # P<0.05 compared with * marked values.
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Figures 10A and 10B show that untreated ACF
HanSD rats exhibited markedly higher LV end-diastolic
pressure and stroke work than was seen in sham-operated
HanSD rats. Treatment with sEHi or ACEi did not
change any of these parameters, similarly in sham-
operated and ACF HanSD rats.

As shown in Figure 10C, untreated ACF HanSD
rats showed a markedly smaller slope of end-systolic
end-systolic pressure volume relationship (end-systolic

[0 HanSD + water
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[ HanSD + ACEi

[0 HanSD + water
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[ HanSD + ACEi

[0 HanSD + water
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O HanSD + water
M HanSD + sEHi
[ HanSD + ACEi

Fig. 7. Effects of treatment on heart
weight/body weight ratio (A), cardiac
output (B), left ventricular fractional
shortening (C) and heart rate (D) in
untreated sham-operated Hannover
Sprague-Dawley (HanSD + water) rats,
in HanSD rats treated with soluble
epoxide hydrolase inhibitor  (sEHi)
(HanSD + sEHi), in HanSD rats treated
with  angiotensin-converting enzyme
inhibitor (ACEi) (HanSD + ACEi), in
untreated HanSD rats with aorto-caval
fistula (ACF HanSD + water), in ACF
HanSD rats treated with  sEHi
(ACF HanSD + sEHi) and in ACF HanSD
rats treated with ACEi (ACF HanSD +
ACEi). * P<0.05 compared with HanSD
+ water.

ACF HanSD + water
ACF HanSD + sEHi
B ACF HanSD + ACEi

ACF HanSD + water
ACF HanSD + sEHi
B ACF HanSD + ACEi

Fig. 8. Effects of treatment on right (A)
and left (B) ventricle diastolic diameter,
left ventricular posterior wall thickness

ACF HanSD + water
ACF HanSD + sEHi
B ACF HanSD + ACEi

(C) and interventricular  septum
thickness (D) in untreated sham-
operated Hannover Sprague-Dawley

(HanSD + water) rats, in HanSD rats
treated with soluble epoxide hydrolase
inhibitor (sEHi) (HanSD + sEHi), in
HanSD rats treated with angiotensin-
converting enzyme inhibitor (ACEi)
(HanSD + ACEi), in untreated HanSD
rats with aorto-caval fistula (ACF HanSD
+ water), in ACF HanSD rats treated
with sEHi (ACF HanSD + sEHi) and in
ACF HanSD rats treated with ACEi (ACF
HanSD + ACEi). * P<0.05 compared
with HanSD + water.

ACF HanSD + water
ACF HanSD + SEHi
B ACF HanSD + ACEi

elastance, preload and afterload-independent measure of
contractility) as compared with untreated sham-operated
HanSD rats. Untreated ACF HanSD rats also
demonstrated lower end-diastolic pressure volume
relationship, indicating enhanced LV compliance (due to
chamber eccentric remodeling) (Fig. 10D) compared to
sham HanSD rats. The treatment with sEHi or ACEi did

not change any of these parameters in ACF HanSD rats.
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Fig. 9. Effects of treatment on left
ventricle peak pressure (A), left ventricle
end-diastolic volume (B), maximum
rates of pressure rise [+(dP/dt)max] (C),
maximum rates of pressure fall
[-(dP/dt)max] (D) in HanSD rats treated
with soluble epoxide hydrolase inhibitor
(sEHi) (HanSD + sEHi), in HanSD rats
treated with  angiotensin-converting
enzyme inhibitor (ACEi) (HanSD + ACEi),
in untreated HanSD rats with aorto-caval
fistula (ACF HanSD + water), in ACF
HanSD rats treated with  sEHi
(ACF HanSD + sEHi) and in ACF HanSD
rats treated with ACEi (ACF HanSD +
ACEi). * P<0.05 compared with HanSD
+ water. # P<0.05 compared with
* marked values.
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Fig. 10. Effects of treatment on left
ventricle end-diastolic pressure (A), left
ventricle stroke work (B), end-systolic
pressure volume relationship (C) and
end-diastolic pressure volume
relationship (D) in HanSD rats treated
with soluble epoxide hydrolase inhibitor
(sEHi) (HanSD + sEHi), in HanSD rats
treated with angiotensin-converting
enzyme inhibitor (ACEi) (HanSD +
ACEi), in untreated HanSD rats with
aorto-caval fistula (ACF HanSD +
water), in ACF HanSD rats treated with
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Discussion

The first finding of the present study is that,
when assessed 10 weeks after model creation, the rat
ACF-induced CHF exhibits marked activation of
systemic and intrarenal vasoconstrictor/sodium retaining
axis of the RAS and concomitant augmentation of
circulating and renal vasodilator/natriuretic axis of the
RAS. However, our results also show that ACF HanSD

with HanSD + water. # P<0.05
compared with * marked values.

reduced intrarenal and myocardial

rats display
availability of biologically active fatty acid epoxides
assessed by the ratio of EETs to DHETEs. Since the renal
and myocardial generation of EETs is apparently normal,

as indicated by wunaltered protein expression of
CYP2C23, it is likely that tissue deficiency of
biologically active fatty acid epoxides in ACF HanSD
rats was the result of increased conversion of EETs to

DHETEs; this is indicated by increased protein
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expression of sEH in these animals. On the other hand,
our present results show that intrarenal and myocardial
activity of CYP-450-dependent w-hydroxylase pathway
was not significantly changed in ACF HanSD rats as
compared with sham-operated HanSD rats, as indicated
by unaltered protein expression of CYP4A and 20-HETE
concentration. To the best of our knowledge, ours is the
first study evaluating the role of the interplay between
RAS and CYP-derived metabolites of arachidonic acid in
the pathophysiology of CHF and renal dysfunction in the
model of ACF-induced CHF.

The second finding of the present study is that
ACF HanSD rats exhibited renal functional impairment
that is characteristic for the advanced stage of CHF:
adecrease in renal blood flow (RBF), urine flow,
absolute and fractional sodium excretion and an increase
in fractional potassium excretion. Such renal functional
impairment can be mediated by activation of the
vasoconstrictor axis of the RAS and by secondary
hyperadosteronism (Abassi et al. 2011, Braam et al.
2014, Cohen-Segev et al. 2014, Ichikawa et al. 1984).
These findings are in accordance with the hypothesis that

in ACF-induced CHF the development of renal
dysfunction significantly contributes to increased
mortality.

The third finding of the present study is that
chronic sEH inhibition with ¢c-AUCB did not increase the
animals’ survival rate, did not attenuate the development
of renal dysfunction and did not improve cardiac
geometrical characteristics and systolic and diastolic
function in ACF HanSD rats. This was so despite the fact
with c-AUCB
intrarenal

that chronic treatment resulted in

normalization of the and myocardial

availability —of biologically active epoxygenase
metabolites, bringing them to levels observed in sham-
operated HanSD rats. In addition, our results show that
chronic treatment with sEHi did not significantly alter
vasoconstrictor or vasodilator axes of the RAS, as
assessed in circulating blood and kidney tissue of ACF
HanSD rats. These data indicate that CYP-dependent
epoxygenase pathway does not substantially contribute to
the pathophysiology of ACF-induced CHF and, in
particular, to the development of renal dysfunction in this
model.

If so, what is the actual role, if any, of decreased
tissue availability of EETs in ACF HanSD rats? In ANG
[I-dependent models of hypertension and cardiac
hypertrophy, elevated ANG II led directly to an increase

sEH protein expression in the kidney and heart tissue

(Ai et al. 2007, Kopkan et al. 2012). Since ACF HanSD
rats exhibit a marked elevation in ANG II concentrations,
one can assume that increased intrarenal and myocardial
sEH protein expressions with consequent decrease of
tissue EETs bioavailability observed in ACF HanSD rats
results from compensatory activation of the
vasoconstrictor axis of the RAS. Thus, it is conceivable
that decreased intrarenal and myocardial availability of
EETs in ACF HanSD may simply represent changes
secondary to activation of the vasoconstrictor axis of the
RAS but not a primary pathophysiological mechanism
responsible for the progression of CHF.

In this context, the fourth finding of the present
study is that chronic treatment with ACEi dramatically
improved survival rate in ACF HanSD rats to levels
observed in sham-operated HanSD rats by improving
renal but not cardiac structure and function. Specifically,
chronic treatment of ACF HanSD rats with ACEi
substantially improved RBF, increased urine flow and
sodium excretion and decreased fractional potassium
excretion. All these beneficial effects were not associated
with any significant changes in the kidney or in the
myocardial EETs bioavailability. However, these effects
were accompanied by marked suppression of plasma and
kidney ANG 1II and further augmentation of circulating
and intrarenal ANG 1-7 concentrations. In this regard, of
special interest is our finding that in ACF HanSD
a significant attenuation of the BW gain observed
throughout the experiment could be ascribed exclusively
to ACEIi treatment. Remarkably, BW was in ACEi-treated
ACF HanSD rats even lower than observed in sham-
operated HanSD rats. We cannot offer a fully satisfactory
explanation to this intriguing observation; however we
assume that the reduction of BW gain might be related to
the well-recognized long-lasting natriuretic actions of
ACEi treatment in ACF-induced CHF (Abassi et al.
2011). This assumption is supported by our findings
showing that treatment with ACE:i significantly increased
urine flow and sodium excretion. Nevertheless, our
present data do not allow to define the mechanism(s)
responsible for the attenuation of BW gain and future
studies are needed to address this issue.

Taken together, our present findings strongly
suggest that suppression of the vasoconstrictor/sodium
retaining axis of the RAS in the circulation and kidney
tissue combined with a further increase in the activity of
the vasodilator/natriuretic axis of the RAS are the main
mechanism of protective actions of ACEi treatment
against CHF-related mortality and development of renal
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dysfunction in ACF HanSD rats. This notion is in good
agreement with our recent finding that combined
suppression of the ACE-ANG II-ANG II type | receptor
(AT),) axis and activation of ACE type 2 (ACE 2)-ANG
1-7-Mas receptor axis of the RAS in the circulation,
kidney and lung tissue is the main mechanism responsible
for blood pressure-lowering effects of chronic hypoxia in
Ren-2 transgenic rats (Cervenka et al. 2015).

Twenty weeks after creation of ACF, the heart
develops marked eccentric chamber remodeling,
biventricular hypertrophy and an increase in stroke work:
these changes represent a response to enhanced cardiac
output, dependent largely on blood recirculation via the
Although of LV

contractility, such as fractional shortening or +(dP/dt)pax,

fistula. load-dependent measures
were only moderately impaired in ACF animals, the slope
of end-systolic pressure volume relationship indicated
a marked systolic dysfunction (Abassi ef al. 2011, Benes
et al. 2011, Brower et al. 1996, Hutchinson et al. 2011,
Melenovsky et al. 2011, 2012, Oliver-Dussalut et al.
2010, Wang et al. 2003) which after some time would
develop toward decompensated hypertrophy and heart
failure (Abassi ef al. 2011, Benes ef al. 2011, Brower et
al. 1996, Melenovsky et al. 2012, Oliver-Dussalut et al.
2010, Opie et al. 2006, Wang et al. 2003). In this context,
it is worthwhile to emphasize that even if the progression
of CHF in this model was associated with marked cardiac
hypertrophy, assessed as the ratio of heart weight to BW
(which increased almost twofold), echocardiographic
analysis revealed a concurrent decrease in LV posterior
wall thickness. These findings are in agreement with
previous evaluation and it is now accepted that LV
remodeling in this chronic volume overload model is
characterized by eccentric hypertrophy (Brower et al.
1996, Hutchinson et al. 2011, Melenovsky et al. 2011).
Perhaps of special interest here is also our demonstration
that chronic treatment with sEHi as well as with ACEi
elicited significant decreases in interventricular septum
thickness in sham-operated HanSD rats. The mechanism
of this change is unclear and future studies are needed to
address this issue.

Interestingly, ACEi treatment did not improve
cardiac performance or contractility yet resulted in
This
suggests that persistent renal dysfunction rather than

amarked improvement of animals’ survival.
progressing cardiac remodeling determines long-term
survival in this model of CHF. Although ACEi was
reported to have an adverse effect on early LV

remodeling induced by volume overload (Ryan et al.

2007), our data indicate that ACEi can be extremely
protective in the advanced phase volume-overload
(Abassi et al. 2011, Benes et al. 2011, Brower et al.
1996, Melenovsky et al. 2012, Oliver-Dussalut et al.
2010, Wang et al. 2003). Thus, chronic ACEi treatment
might delay or prevent the onset of decompensation by
predominantly renal mechanisms. An obvious limitation
of our study is that the findings are specific for ACF
model of CHF and one cannot predict the results with the
model where CHF is induced by chronic pressure
overload caused by transverse aortic constriction.

In conclusion, our present results show that
while chronic sEH inhibition in ACF HanSD rats
EETs
availability, it did not improve the course of CHF. On the
hand, chronic ACEi
improved the animals’ survival rate and inhibited the

normalized the intrarenal and myocardial

other treatment considerably
development of renal dysfunction, and these protective
actions were associated with significant suppression of
the vasoconstrictor/sodium retaining axis and activation
of vasodilatory/natriuretic axis of the RAS in the

circulation and kidney tissue.
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