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Summary 
We showed recently that increasing kidney epoxyeicosatrienoic 
acids (EETs) by blocking soluble epoxide hydrolase (sEH),  
an enzyme responsible for EETs degradation, retarded the 
development of renal dysfunction and progression of aorto-caval 
fistula(ACF)-induced congestive heart failure (CHF) in Ren-2 
transgenic hypertensive rats (TGR). In that study the final survival 
rate of untreated ACF TGR was only 14 % but increased to 41 % 
after sEH blockade. Here we examined if sEH inhibition added to 
renin-angiotensin system (RAS) blockade would further enhance 
protection against ACF-induced CHF in TGR. The treatment 
regimens were started one week after ACF creation and the follow-
up period was 50 weeks. RAS was blocked using angiotensin-
converting enzyme inhibitor (ACEi, trandolapril, 6 mg/l) and sEH 
with an sEH inhibitor (sEHi, c-AUCB, 3 mg/l). Renal hemodynamics 
and excretory function were determined two weeks post-ACF, just 
before the onset of decompensated phase of CHF. 29 weeks post-
ACF no untreated animal survived. ACEi treatment greatly 
improved the survival rate, to 84 % at the end of study. 

Surprisingly, combined treatment with ACEi and sEHi worsened the 
rate (53 %). Untreated ACF TGR exhibited marked impairment of 
renal function and the treatment with ACEi alone or combined with 
sEH inhibition did not prevent it. In conclusion, addition of sEHi to 
ACEi treatment does not provide better protection against CHF 
progression and does not increase the survival rate in ACF TGR: 
indeed, the rate decreases significantly. Thus, combined treatment 
with sEHi and ACEi is not a promising approach to further 
attenuate renal dysfunction and retard progression of CHF. 
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Introduction 
 

Congestive heart failure (CHF) represents  
a serious public health problem with world-wide 
prevalence of 1-2 % and the yearly increase in the 
number of new patients is estimated at 50 % (Amborsy et 
al. 2014, Benjamin et al. 2017, Braunwald 2015, Roger 
2013). Despite advances in the treatment, the survival 
rate of patients with CHF is below that for many common 
malignancies, especially in cases when CHF is associated 
with an impairment of renal hemodynamics and sodium 
retention (Braunwald 2015, Giamouzis et al. 2013, Ronco 
et al. 2008, Stewart et al. 2001). It is now recognized that 
renin-angiotensin system (RAS) plays a critical role in 
the pathophysiology of CHF, but also in the development 
of renal dysfunction in CHF, and in hypertension in 
general (Braam et al. 2014, Dube and Weber 2011, Hall 
et al. 2013, Ichikawa et al. 1984, Kobori et al. 2007, 
Moayedi et al. 2017, Packer and McMurray 2017, Patel 
et al. 2016, Re 2017, Rossi et al. 2017). Angiotensin-
converting enzyme (ACE) blockade has become an 
integral component of the treatment of CHF and has 
beneficial long-term effects in experimental and clinical 
CHF, therefore, it is considered a golden standard 
therapy. However, its effectiveness in the advanced phase 
of CHF is limited (Brands et al. 1993, Brower et al. 2015, 
CONSENSUS Trial Study Group 1987, Červenka et al. 
2015a, Červenka et al. 2015b, Ferrrario and Mullick 
2017, McMurray et al. 2014, Pfeffer et al. 1985, 
Ponikowski et al. 2016, Ruzicka et al. 1994, SOLVD 
Investigators 1992, Yancy et al. 2017). Thus, despite  
a considerable progress in therapy and many treatment 
options available, the mortality in CHF remains high, and 
almost 50 % of patients die within 5 years of the 
diagnosis. Evidently, new treatment strategies are 
urgently needed (Braunwald 2015, Ponikowski et al. 
2016, Yancy et al. 2017), however, the prerequisite here 
is a better understanding of the pathophysiology of CHF. 
Therefore there is an obvious need for focused 
experimental studies that would evaluate the effects of 
new therapeutic approaches. 

The rat with aorto-caval fistula (ACF) presents  
a well-defined model of CHF dependent on volume 
overload, characterized also by activation of the systemic 
and intrarenal RAS, signs of cardiac remodeling as well 
as congestion and impairment of renal function. Thus, in 
many aspects the model reproduces the course of CHF in 
untreated human patients (Abassi et al. 2011, Brower et 
al. 2015, Cohen-Segev et al. 2014, Červenka et al. 2015a, 

Červenka et al. 2015b, Červenka et al. 2016, Oliver-
Dussault et al. 2010, Melenovský et al. 2010, 
Melenovský et al. 2011, Ruzicka et al. 1994, Sporková et 
al. 2017). 

The hypertensive rat transgenic for the mouse 
Ren-2 renin gene [TGR; strain name TGR(mRen2)27] 
presents a unique angiotensin II (ANG II)-dependent 
model of hypertension in which its development is 
attributed to a single gene alteration and to the augmented 
activation of endogenous RAS (Kujal et al. 2010, Lee et 
al. 1990, Mullins et al. 1990). Thus, an experimental 
model of CHF that combines the well-recognized crucial 
detrimental factors promoting the progression of CHF is 
available and we have recently shown ACF TGR exhibit 
markedly increased CHF-related mortality as compared 
with the course in ACF Hannover Sprague-Dawley 
(HanSD) rats (transgene-negative, normotensive controls 
to TGR) (Červenka et al. 2015a, Červenka et al. 2016). 
We found that in addition to the increased RAS activity, 
ACF TGR also displayed tissue deficiency of biologically 
active fatty acid epoxides due to increased conversion of 
epoxyeicosatrienoic acids (EETs) [biologically active 
metabolites of cytochrome P450 (CYP)-dependent 
epoxygenase pathway of arachidonic acid (AA)] by 
soluble epoxide hydrolase (sEH) to biologically inactive 
dihydroxyeicosatrienoic acids (DHETEs). Indeed, 
increasing EETs in the kidney by pharmacological 
blockade of sEH markedly attenuated the development of 
renal dysfunction and progression of CHF in ACF TGR 
(Červenka et al. 2015a). In that study untreated  
ACF TGR exhibited the final survival rate of only 14 % 
(the follow-up period was 50 weeks after induction of 
ACF) and the pharmacological blockade of sEH alone 
significantly increased it to 41 % (Červenka et al. 2015a). 
These findings suggest that pharmacological increasing 
EETs could be a novel tool for the treatment of CHF. 
However, it is important to recognize that we did not 
check if addition of sEH inhibition to the standard 
RAS blockade would exhibit additive beneficial effects 
on the mortality in TGR with ACF-induced CHF. 
Considering this limitation, we examined here whether 
the combined treatment with sEH inhibitor (sEHi) and 
ACEi will bring enhanced protection against  
CHF-dependent mortality as compared with the results 
achieved with ACEi treatment alone. 

To further elucidate possible mechanisms 
underlying the expected additive beneficial action of 
combined sEH and ACE inhibition on the course of  
ACF-induced CHF, effects of 2-week treatments on renal 



2018  ACE and sEH Inhibition in Heart Failure   403  
 

function were assessed by renal clearance methods in 
separate groups of animals. 
 
Methods 
 
Ethical approval, animals, CHF model, and chronic 
treatments 

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 2nd Faculty of 
Medicine, Charles University, Prague, which accord with 
the European Convention on Animal Protection and 
Guidelines on Research Animal Use. All animals used in 
the present study were bred at the Center of Experimental 
Medicine of this Institute, which is accredited by the 
Czech Association for Accreditation of Laboratory 
Animal Care. Heterozygous TGR were generated by 
breeding male homozygous TGR with female 
homozygous transgene-negative normotensive Hannover 
Sprague-Dawley (HanSD) rats and age-matched 
HanSD rats served as controls. The animals were kept on  
a 12-hour/12-hour light/dark cycle. Throughout the 
experiments rats were fed a normal salt, normal protein 
diet (0.45 % NaCl, 19-21 % protein) manufactured by 
SEMED (Prague, Czech Republic) and had free access to 
tap water. 

Male TGR and HanSD rats, at the initial age of 
8 weeks, derived from several litters, were randomly 
assigned to experimental groups to make sure that the 
animals from a single litter did not prevail in any group. 
In order to obtain reliable data regarding the effects of 
two treatment regimes on the survival rate, high initial 
n values were used (not so for sham-operated animals) to 
enable valid comparison of the long-term survival rate. 

Rats were anesthetized (tiletamine + zolazepam, 
Virbac SA, Carros Cedex, France, 8 mg/kg; and xylazine, 
Spofa, Czech Republic, 4 mg/kg intramuscularly) and 
CHF was induced by volume overload dependent on ACF 
created using needle technique as originally described by 
Garcia and Diebold (1990) and employed and validated 
by many investigators including our own group (Abassi 
et al. 2011, Brower et al. 2015, Cohen-Segev et al. 2014, 
Červenka et al. 2015a, Červenka et al. 2015b, Červenka 
et al. 2016, Oliver-Dussault et al. 2010, Melenovský et 
al. 2010, Melenovský et al. 2011, Ruzicka et al. 1994, 
Sporková et al. 2017). Briefly, after exposure of the 
abdominal aorta and inferior vena cava between the renal 
arteries and iliac bifurcation, the aorta was temporarily 

occluded at this segment for about 40 s. An 18-gauge 
needle (diameter 1.2 mm) was inserted into the 
abdominal aorta and advanced across its wall into the 
inferior vena cava to create ACF. Thereafter the needle 
was withdrawn and the puncture site was sealed with 
cyanoacrylate tissue glue. Successful creation of ACF 
was confirmed by inspection of pulsatile flow of 
oxygenated blood from the abdominal aorta into the vena 
cava. Sham-operated rats underwent an identical 
procedure but without creating ACF. 

An inhibitor sEHi cis-4-[4-(3-adamantan-1-yl-
ureido) cyclohexyloxy]benzoic acid (c-AUCB) was used, 
which was prepared freshly and given in drinking water 
at 3 mg/l. The appropriate amount of c-AUCB was 
dissolved with gentle warming in polyethylene glycol and 
added with rapid stirring to warm drinking water to 
obtain a 0.1 % aqueous solution of polyethylene glycol. 
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 

(Sporková et al. 2014). Based on the monitored water 
intake (once a week) the estimated daily dose of c-AUCB 
was 0.41±0.06 mg.kg-1 of body weight and remained 
remarkably stable throughout the whole experiment. 
Similarly as in previous studies, we chose the c-AUCB 
dose that blocks sEH activity without altering plasma and 
tissue ANG II levels with an intention to separate and 
assess the effect of EETs elevation alone on the course of 
ACF-induced CHF. 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 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 (Červenka et al. 
2015a, Červenka et al. 2015b). The estimated daily dose 
of trandolapril was 0.82±0.07 mg.kg-1 of body weight and 
remained constant throughout the study. There were no 
significant difference in the water intake among 
experimental groups and therefore daily doses of  
c-AUCB and trandolapril were similar in all groups. 

It was repeatedly reported that the present doses 
of sEHi and ACEi do not induce any toxic effects 
(Červenka et al. 2015a, Červenka et al. 2015b,  
El-Sherbeni et al. 2013, Fleming 2014, Moyadi et al. 
2017, Ponikowski et al. 2016, Yancy et al. 2017). In 
addition, based on recent knowledge regarding properties 
of ACEi and sEHi, it is unlikely that their interaction 
would considerably change pharmacokinetic properties of 
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ACEi and sEHi (Rugulski et al. 2015, Wagner et al. 
2017). Moreover, based on this information it is also 
unlikely that drug elimination of ACEi and sEHi would 
be significantly altered in rats with ACF-induced CHF 
(Rugulski et al. 2015, Wagner et al. 2017). 
 
Series 1: Effects of treatment with ACEi alone or 
combined with sEHi on the survival rate 

The rats underwent sham-operation or ACF 
creation as described above on the week labeled “-1” and 
were left without treatment during 1 week. At this time 
point (week 0) the rats were divided into the following 
experimental groups: 

Group 1: Sham-operated HanSD rats + placebo (initial n=7) 
Group 2: Sham-operated TGR + placebo (initial n=9) 
Group 3: ACF TGR + placebo (initial n=32) 
Group 4: ACF TGR + ACEi (initial n=32) 
Group 5: ACF TGR + ACEi + sEHi (initial n=36) 

The follow-up period was the same as in our 
previous studies i.e. 50 weeks. 
 
Series 1: Effects of 2-week treatment with ACEi alone or 
combined with sEHi on organ weights, blood pressure 
and renal hemodynamics and excretory function 

Animals were prepared as described in series 1 
and on week 0 the pharmacological treatment was 
initiated for a period of 2 weeks. At the end of the 
experimental protocol (on week +2), the rats were 
anesthetized and acute renal clearance experiments were 
performed to evaluate renal hemodynamics and excretory 
parameters as described in our previous studies 
(Červenka et al. 2015a, Červenka et al. 2015b, 
Honetschlagerová et al. 2011). 

The following experimental groups were 
studied: 

Group 1: Sham-operated HanSD rats + placebo (n=12) 
Group 2: Sham-operated TGR + placebo (initial n=10) 
Group 3: ACF TGR + placebo (initial n=11) 
Group 4 ACF TGR + ACEi (initial n=10) 
Group 5: ACF TGR + ACEi + sEHi (initial n=10) 

 
Statistical analysis 

Statistical analysis of the data was performed 
using Graph-Pad Prism software (Graph Pad Software, 
San Diego, California, USA). Comparison of survival 
curves was performed by log-rank (Mantel-Cox) test 
followed by Gehan-Breslow-Wilcoxon test. 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. Values are expressed as 
mean ± S.E.M. and n represents the number of animals. 
p<0.05 was considered statistically significant. 
 
Results 
 
Series 1: Effects of treatment with ACEi alone or 
combined with sEHi on the survival rate 

All sham-operated HanSD rats survived until the 
end of the experiment. One sham-operated TGR 
unpredictably died 25 weeks after sham-operation, all the 
others survived until the end of experiment. It will be 
noticed that this single death resulted in a profound 
decrease in mean survival rate: the final survival rate was 
89 %. However, this was the consequence of relatively 
low n value in this group. It must also be admitted that in 
the present study we did not perform autopsies of died 
animals, an obvious drawback because we cannot make 
any clear conclusion regarding the reason for the death of 
animals in any of experimental groups. 

As shown in Figure 1, untreated ACF TGR 
began to die in week 2 (i.e. 3 weeks after induction of 
ACF) and all the animals died by week 29. The treatment 
with ACEi substantially increased the survival rate, to 
84 % at the end of study as compared with untreated 
ACF TGR (p<0.05). The combined treatment with sEHi 
and ACEi also improved the survival rate throughout the 
experiment (the final survival rate was 53 %) as 
compared with untreated ACF TGR (p<0.05), however, 
the actual rate was significantly lower than observed in 
ACF TGR treated with ACEi alone (p<0.05). 

 
Series 1: Effects of 2-week treatment with ACEi alone or 
combined with sEHi on organ weights, blood pressure 
and renal hemodynamics and excretory function 

As shown in Figures 2A and 2B, sham-operated 
TGR exhibited significant cardiac hypertrophy [expressed 
as whole heart weight (HW) to tibia length (TL) ratio], 
with marked left ventricle (LV) hypertrophy [expressed 
as LV weight (LVW) to tibia length (TL)] as compared 
with sham-operated HanSD rats (p<0.05). Untreated 
ACF TGR showed marked increases in HW/TL as well as 
in LVW/TL as compared with sham-operated TGR 
(p<0.05). The treatment with ACEi alone as well as the 
combined treatment with sEH inhibitor and ACEi 
significantly lowered HW/TL as well as LVW/TL to 
values observed in sham-operated TGR. Figure 2C shows 
that there were no significant differences in right 
ventricle (RV) weight [expressed as RV weight (RVW) 
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to TL] between sham-operated HanSD rats and  
sham-operated TGR. Untreated ACF TGR showed stri-
king increases in RVW/TL as compared with sham-
operated TGR (indicating the development of marked 

RV cardiac hypertrophy) (p<0.05). Both treatment 
regimes significantly and to a similar degree decreased 
RVW/TL in ACF TGR. 
 

 
 

 
 
Fig. 1. Survival rates in sham-operated transgene-negative Hannover Sprague-Dawley (HanSD) and sham-operated heterozygous  
Ren-2 transgenic rats (TGR), in untreated TGR with aorto-caval fistula (ACF TGR + placebo), in ACF TGR treated with angiotensin-
converting enzyme inhibitor (ACF TGR + ACEi) and in ACF TGR treated with the combination of angiotensin-converting enzyme inhibitor 
and soluble epoxide hydrolase inhibitor (ACF TGR + ACEi + sEHi). The survival rate curve in ACF TGR + placebo was significantly lower 
compared to those in the other groups. Both treatments significantly improved the survival rate curve, however the best results were 
observed in ACF TGR + ACEi + sEHi group (log-rank Mantel-Cox test followed by Gehan-Breslow-Wilcoxon test). 
 
 

As shown in Figure 3A, untreated ACF TGR 
displayed significantly higher ratio of lung weight to TL 
as compared with sham-operated HanSD rats as well as 
sham-operated TGR (indicating the development of 
important lung congestion in ACF TGR) (p<0.05 in all 
cases). The treatment with ACEi alone as well as the 
combined treatment with sEHi and ACEi significantly 
lowered this ratio in ACF TGR, but it still remained 
significantly higher than in sham-operated TGR (p<0.05). 

There were no significant differences between 
experimental groups in liver and kidney weight when 
normalized to TL (Figs 3B and 3C). 

As shown in Figure 4A, sham-operated TGR 
were markedly hypertensive as compared with sham-
operated HanSD rats (p<0.05). Untreated ACF TGR 
showed significantly lower mean arterial pressure (MAP) 
as compared with sham-operated TGR, but it still 
remained higher than MAP values in sham-operated 
HanSD rats (p<0.05). The treatment with ACEi alone as 
well as the combined treatment with sEHi and ACEi 
significantly lowered MAP in ACF TGR as compared 
with their untreated counterparts and the values of MAP 
were even significantly lower than in sham-operated 
HanSD rats (p<0.05). 



406   Kala et al.  Vol. 67 
 
 

 

Fig. 2. Whole heart weight (A), left 
ventricle weight (B) and right ventricle 
weight (C) normalized to tibia length 
in sham-operated transgene-negative 
Hannover Sprague-Dawley (HanSD) 
and sham-operated heterozygous 
Ren-2 transgenic rats (TGR), in 
untreated TGR with aorto-caval fistula 
(ACF TGR + placebo), in ACF TGR 
treated with angiotensin-converting 
enzyme inhibitor (ACF TGR + ACEi) 
and in ACF TGR treated with the 
combination of angiotensin-converting 
enzyme inhibitor and soluble epoxide 
hydrolase inhibitor (ACF TGR + ACEi 
+ sEHi). * p<0.05 compared with 
sham-operated HanSD. # p<0.05 
compared with all the other groups. 

 
 

There were no significant differences in renal 
blood flow (RBF) between sham-operated HanSD rats 
and sham-operated TGR (Fig. 4B). Untreated ACF TGR 
exhibited significantly lower RBF as compared with 
sham-operated TGR (p<0.05). The treatment with ACEi 

alone as well as the combined treatment with sEHi and 
ACEi did not significantly change RBF in ACF TGR. 
There were no significant differences in the glomerular 
filtration rate (GFR) between experimental groups 
(Fig. 4C). 
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Fig. 3. Lung weight (A), liver weight 
(B) and kidney weight (C) normalized 
to tibia length in sham-operated 
transgene-negative Hannover Spra-
gue-Dawley (HanSD) and sham-
operated heterozygous Ren-2 trans-
genic rats (TGR), in untreated TGR 
with aorto-caval fistula (ACF TGR + 
placebo), in ACF TGR treated with 
angiotensin-converting enzyme inhibi-
tor (ACF TGR + ACEi) and in 
ACF TGR treated with the 
combination of angiotensin-
converting enzyme inhibitor and 
soluble epoxide hydrolase inhibitor 
(ACF TGR + ACEi + sEHi). * p<0.05 
compared with sham-operated 
HanSD. # p<0.05 compared with all 
other groups. 

 
 

Figures 5A, 5B and 5C show that untreated 
ACF TGR displayed substantially lower urine flow and 
absolute and fractional sodium excretion as compared 
with sham-operated HanSD rats and sham-operated TGR 

(p<0.05 in all cases). The treatment with ACEi alone or 
the combined treatment with sEHi and ACEi did not 
normalize any of these parameters in ACF TGR. 
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Fig. 4. Mean arterial pressure (A), renal 
blood flow (B) and glomerular filtration rate 
(C) in sham-operated transgene-negative 
Hannover Sprague-Dawley (HanSD) and 
sham-operated heterozygous Ren-2 trans-
genic rats (TGR), in untreated TGR with 
aorto-caval fistula (ACF TGR + placebo), in 
ACF TGR treated with angiotensin-
converting enzyme inhibitor (ACF TGR + 
ACEi) and in ACF TGR treated with the 
combination of angiotensin-converting 
enzyme inhibitor and soluble epoxide 
hydrolase inhibitor (ACF TGR + ACEi + 
sEHi). * p<0.05 compared with sham-
operated HanSD. # p<0.05 compared with 
all the other groups. 

 
 
Discussion 
 

The crucial finding of this study is that addition 
of sEH blockade to standard ACEi therapy did not 
improve the survival rate and did not attenuate the 

development of renal dysfunction in ACF TGR. 
Surprisingly, the combined treatment worsened the 
survival rate as compared with ACF TGR treated with 
ACEi alone. These findings deserve special attention for 
several reasons. 
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Fig. 5. Urine flow (A), absolute sodium 
excretion (B) and fractional sodium 
excretion (C) in sham-operated 
transgene-negative Hannover Sprague-
Dawley (HanSD) and sham-operated 
heterozygous Ren-2 transgenic rats 
(TGR), in untreated TGR with aorto-caval 
fistula (ACF TGR + placebo), in ACF TGR 
treated with angiotensin-converting 
enzyme inhibitor (ACF TGR + ACEi) and 
in ACF TGR treated with the combination 
of angiotensin-converting enzyme 
inhibitor and soluble epoxide hydrolase 
inhibitor (ACF TGR + ACEi + sEHi). 
* p<0.05 compared with sham-operated 
HanSD. 

It is noteworthy that as soon as three weeks after 
induction of ACF untreated ACF TGR displayed signs of 
marked cardiac hypertrophy accompanied by lung 
congestion (indicating LV heart failure) without 
symptoms of RV failure (no liver congestion). These 

findings indicate that already by this time untreated 
ACF TGR were in the transition stage from the 
compensated to decompensated heart hypertrophy and 
heart failure, which was also reflected by the onset of 
CHF-dependent mortality. This is remarkable because we 
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and others have reported that in normotensive animals at 
least 10 weeks after induction of ACF-induced volume 
overload are required before the development of CHF 
symptoms (Abassi et al. 2011, Beneš et al. 2011, Brower 
et al. 1996, Brower et al. 2015, Červenka et al. 2015a, 
Červenka et al. 2015b, Červenka et al. 2016, Hutchinson 
et al. 2011, Oliver-Dussault et al. 2010, Melenovský et 
al. 2010, Melenovský et al. 2011, Wang et al. 2003) and 
the first deaths occur usually around the 20th week. 
Moreover, in our original study that characterized the 
course of CHF-related morbidity and mortality in the 
same model of normotensive rats we found a median  
survival of 43 weeks after ACF induction (Melenovský et 
al. 2012). Thus, our present results strengthen the 
evidence that hypertension and markedly activated RAS 
are two critical features promoting progression of CHF to 
the fatal end. 

Furthermore, it was seen that already three 
weeks after induction of ACF untreated ACF TGR 
displayed marked impairment of renal hemodynamics 
and renal sodium excretion, which agrees with the 
observation that in patients with CHF the development of 
renal dysfunction is associated with markedly increased 
risk of death (Braam et al. 2014, Giamouzis et al. 2013, 
Re 2017, Ronco et al. 2008). Moreover, the present 
results further support our earlier findings suggesting that 
persistent renal dysfunction rather than progressing 
cardiac remodeling is responsible for the reduction of 
long-term survival rate in ACF-induced model of CHF. 
Indeed, it appeared that in this model predominantly renal 
mechanisms determine the beneficial effects of the 
treatments which delay the decompensation of CHF 
(Červenka et al. 2015a, Červenka et al. 2015b). However, 
it is emphasized that in ACF TGR the development of 
renal dysfunction is accelerated compared with 
normotensive animals, which again supports the notion 
on the negative effects of hypertension and 
inappropriately activated RAS on the course of CHF 
(Braam et al. 2014, Dube and Weber 2011, Moayedi et 
al. 2017, Packer and McMurray 2017, Patel et al. 2016, 
Re 2017, Rossi et al. 2017). 

Admittedly, a limitation of our present study is 
that we did not evaluate cardiac function. However, when 
cardiac function had been evaluated by echocardiography 
and pressure-volume analyses (Červenka et al. 2015a), 
we found that creation of ACF in TGR resulted after 
5 weeks in the development of marked eccentric chamber 
remodeling and cardiac hypertrophy related to increased 
cardiac output: the consequence of blood recirculation 

through the fistula. At this stage untreated ACF TGR 
showed significantly suppressed slope of end-systolic 
pressure-volume relationship and decreased LV fractional 
shortening, which indicated important systolic 
dysfunction as compared with sham-operated TGR. In 
addition, untreated ACF TGR also displayed prolonged 
LV relaxation along with decreased end-diastolic 
pressure-volume relationship, which indicated impair-
ment of early diastolic function with a simultaneous 
enhancement of end-diastolic chamber compliance. 
However, the critically important finding of this study 
was that the 5-week treatment with sEHi or ACEi did not 
change any of those cardiac parameters in ACF TGR, 
which indicated that the improvement of survival rate 
was not related to the beneficial effects on cardiac 
function but rather to the attenuation of the development 
of renal dysfunction in this model (Červenka et al. 
2015a). 

All these facts considered, in contrast to our 
recent study (Červenka et al. 2015a), we did not find 
beneficial effects of the treatment with ACEi, alone or 
combined with sEHi, on RBF and renal excretory 
function. This was entirely unexpected; we do not have 
satisfactory explanation for these surprising findings and 
it is obvious that further studies are needed to address this 
issue. 

We found that chronic treatment with ACEi 
dramatically improved the survival rate in ACF TGR, 
which again confirms the view on the crucial role of the 
RAS in the pathophysiology of CHF, and wide agreement 
on pharmacological blockade of the RAS by 
ACE inhibition being the first-line treatment in CHF 
(CONSENSUS Trial Study Group 1987, Ferrrario and 
Mullick 2017, McMurray et al. 2014, Pfeffer et al. 1985, 
Ponikowski et al. 2016, SOLVD Investigators 1992, 
Yancy et al. 2017). Nevertheless, even though the 
effectiveness of ACEi treatment was relatively high in the 
advanced phase of CHF, the treatment did not prevent the 
development of renal dysfunction and CHF-related 
mortality was still significant, which further underscores 
the need to search for new pharmacological strategies that 
would prevent renal dysfunction and progression of CHF 
to the fatal end. 

In this connection, the critically important 
question is why the combined treatment with sEHi and 
ACEi did not enhance protection against CHF-dependent 
mortality but even worsened it as compared to the 
ACF TGR treated with ACEi alone. To this we have no 
satisfactory explanation: our hypothesis was that 



2018  ACE and sEH Inhibition in Heart Failure   411  
 

combining the two treatments, each affecting different 
vasoactive system, should enhance the effectiveness in 
delaying or even preventing decompensation in CHF. The 
hypothesis was based on the strong evidence, provided by 
ourselves and others, indicating that ACF model of CHF 
is characterized by marked activation of vasoconstric-
tor/sodium retaining axis and suppression of vasodilato-
ry/natriuretic axis of the intrarenal RAS, and by profound 
intrarenal deficiency of biologically active epoxy fatty 
acids (the result of increased sEH-mediated conversion of 
EETs to DHETEs) (Abassi et al. 2011, Cohen-Segev et 
al. 2014, Červenka et al. 2015a, Červenka et al. 2015b). 
In addition, we showed recently that treatment with sEHi 
alone and ACEi alone (the same drugs at the same doses 
as used in the present study) exhibited clear beneficial 
effects on the course of CHF in ACF TGR, (Červenka et 
al. 2015a). Importantly, the beneficial effects of chronic 
sEH inhibition with c-AUCB were accompanied by 
normalization of tissue availability of EETs, without 
altering intrarenal concentrations of ANG II and angio-
tensin-1-7 (ANG 1-7). Dissimilarly, protective effects of 
chronic treatment with ACEi were associated with 
significant suppression of the intrarenal vasoconstric-
tor/sodium retaining axis of the RAS (reflected by 
profound decreases in ANG levels) and activation of the 
intrarenal vasodilatory/natriuretic axis (reflected by 
increases in ANG 1-7 concentrations), without modifying 
tissue EETs. Collectively, these data provided robust 
evidence which encouraged testing our original 
hypothesis that the combined treatment with sEHi and 
ACEi should bring enhanced beneficial effects on the 
course of CHF. Surprisingly, this was not the case, and 
for unknown reasons the survival rate even decreased.  
An appropriately focused study, rather than undue 
speculation, would be needed to address this issue. 
However, we feel that at least one aspect deserves 
attention now. 

It will be noticed that both sEHi and ACEi 
exhibit important blood pressure (BP)-lowering effects, 
related to the increased intrarenal EETs and their 
vasodilatory and natriuretic actions (sEHi) (Elmarakby 
2012, Fleming 2014, Imig 2015) or to the intrarenal 
blockade of the RAS activity (ACEi) (Gonzalez-
Villalobos et al. 2013, Hall et al. 2013, Kobori et al. 
2007). Therefore, the combined treatment could in the 
long term exhibit additive BP-lowering effects, perhaps 
bringing BP below renal autoregulation range (Carlstrom 
and Wilcox 2015). This could per se impair renal 
function in ACF TGR and thereby increase CHF-related 

mortality in this model. However, our current data show 
that the MAP value observed after two weeks of 
combined treatment (96±3 mm Hg) did not significantly 
differ from that recorded in rats receiving ACEi alone 
(101±3 mm Hg, p>0.05). In either case MAP remained 
within the range of effective renal blood flow 
autoregulation. To achieve more meaningful comparative 
data, comprehensive long term studies are needed that 
would evaluate BP measured by radiotelemetry in 
conscious animals. Unfortunately, relatively short 
durability of implanted telemetric probes limits at present 
the plausibility of such prolonged experiments. In 
general, one should be fully aware that CHF combined 
with kidney damage is a very complex disease running 
with multiple combined pathophysiological processes. 
This requires extreme caution in applying complex 
treatment, and careful adjustment of the dosage of 
individual drugs, thus, there is a need for more research 
of pathophysiology of CHF combined with renal 
dysfunction. The studies should also address the puzzle 
of deterioration of the beneficial effects of ACEi 
treatment when the treatment with sEHi is added. 

Given that ACEi alone or combined with sEHi 
did not attenuate the development of renal dysfunction 
but still significantly attenuated CHF-related mortality, 
one should also consider other mechanisms that could be 
responsible for this beneficial effect. Since ACEi alone as 
well as the combined treatment significantly lowered 
MAP in ACF TGR, a role of a lowering of the afterload 
should be considered, especially in view of the evidence 
on a relationship between lung congestion and the degree 
of afterload in CHF (Abassi et al. 2011, Braunwald 2015, 
Oliver-Dussault et al. 2010). Indeed, our findings show 
that both treatment regimes significantly lowered the 
degree of lung congestion in ACF TGR. Again, it is 
apparent that future studies are needed to address this 
hypothesis. 

In conclusion, we found that addition of sEHi to 
ACEi treatment did not provide better protection against 
CHF progression or increased the survival rate in 
ACF TGR, indeed, the rate decreased significantly.  
Thus, increasing tissue EETs in individuals with 
pharmacologically-induced suppression of the RAS does 
not at present seem to be a promising approach to further 
attenuate renal dysfunction and progression of CHF, at 
least as studied in the model used here. 
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