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Abstract
The aim of the present study was to assess the autoregulatory capacity of renal blood flow (RBF) and of the pressure-
natriuresis characteristics in the early phase of heart failure (HF) in rats, normotensive and with angiotensin II (ANG II)-
dependent hypertension. Ren-2 transgenic rats (TGR) were employed as a model of ANG II-dependent hypertension. HF
was induced by creating the aorto-caval fistula (ACF). One week after ACF creation or sham-operation, the animals were
prepared for studies evaluating in vivo RBF autoregulatory capacity and the pressure-natriuresis characteristics after
stepwise changes in renal arterial pressure (RAP) induced by aortic clamping. In ACF TGR the basal mean arterial pressure,
RBF, urine flow (UF), and absolute sodium excretion (UNaV) were all significantly lower tha n in sham-operated TGR. In the
latter, reductions in renal arterial pressure (RAP) significantly decreased RBF whereas in ACF TGR they did not change.
Stepwise reductions in RAP resulted in marked decreases in UF and UNaV in sham-operated as well as in ACF TGR,
however, these decreases were significantly greater in the former. Our data show that compared with sham-operated TGR,
ACF TGR displayed well-maintained RBF autoregulatory capacity and improved slope of the pressure-natriuresis
relationship. Thus, even though in the very early HF stage renal dysfunction was demonstrable, in the HF model of ANG II-
dependent hypertensive rat such dysfunction and the subsequent HF decompensation cannot be simply ascribed to impaired
renal autoregulation and pressure-natriuresis relationship.
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Introduction

Heart failure (HF) is a global pandemic, affecting almost 30
million people worldwide, most frequently in developed
countries; the yearly increase in the number of new patients
is estimated at 1.1 million [1]. Paradoxically, the increase in
the prevalence of HF is attributed, at least in part, to
improved treatment of acute coronary syndromes and non-
ischemic cardiovascular diseases. Remarkably, the progress
in the treatment obtained with early coronary reperfusion by
primary percutaneous intervention has decreased the mor-
tality rate but not the morbidity. Somewhat surprisingly, the
number of surviving patients who ultimately develop HF
has augmented [2]. HF is a clinical syndrome showing
progressive aggravation. The prognosis of the patients
remains poor, particularly when HF is accompanied by
kidney dysfunction (“cardiorenal syndrome”) [3–7], and it
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is generally accepted that, particularly in patients with this
syndrome, there is an urgent need for new treatment stra-
tegies. This requires better understanding of the pathophy-
siological mechanism(s) underlying the progression of HF.

A common finding in the very early stage of HF, when
cardiac functions are but minimally impaired, is a reduction
of the renal blood flow (RBF) [3, 4, 8–10]. The long-held
view on the role of the kidney in the progression of HF is
that it is a “victim” of chronic hypoperfusion and/or of
maladaptive responses to compensatory neurohormonal
activation [4, 11–13]. It is agreed that the development of
renal dysfunction and signs and symptoms of volume
overload are hallmark features of decompensation of HF
[3, 5]. While kidney condition is recognized as a prognostic
marker of HF, it is thought that the therapy of HF patients
should not be primarily focused on improvement of renal
function [3, 5]. However, the view that the kidney is simply
a victim of HF has not withstood the test of time. It does not
explain many pathophysiological features of HF or the
beneficial actions of new therapies for HF, such as sodium-
glucose cotransporter type 2 (SGLT2) inhibition [14]. It is
reminded that many clinical and experimental findings from
studies performed over the past 60 years have challenged
the view that the kidney is merely a victim in HF. First,
Barger et al. [15] reported that abnormalities in renal
sodium handling are detectable already in mild heart dis-
ease, long before overt HF is present. Second, studies per-
formed by Brenner´s and Frohlich´s groups showed that

alterations of the renal hemodynamics observed early after
myocardial infarction (MI) precede the development of HF
and are critically dependent on angiotensin II (ANG II)
actions [16–19]. Third, Frohlich and co-workers reported
that the ANG II-dependent alterations are present not only
in low-output HF, i.e. HF induced by MI, but also in high-
output HF, induced by chronic volume overload due to the
creation of the aorto-caval fistula (ACF) [19, 20]. Unfor-
tunately, the evidence that impairment of renal function
precedes the development of HF or at least importantly
contributes to its pathophysiology already in the “compen-
sation phase” were disregarded. Recent studies in our
laboratory showed that RBF is very early reduced in the
hypertensive Ren-2 transgenic rat (TGR) with ACF. This is
a model of severe high-output HF characterized by two
major risk factors for the development of cardiorenal syn-
drome: hypertension and increased activity of the renin-
angiotensin system (RAS) [21–23].

Considering the above evidence, we hypothesize that the
kidney is not simply a victim but also a culprit of the onset
decompensation and progression of HF. Specifically, we
hypothesize that the impairment of autoregulation of RBF
and of the pressure-natriuresis relationship is present in the
very early HF phase, soon after the initial insult, and pre-
cedes the onset of HF decompensation.

Accordingly, the aim of the present study was to assess
autoregulation of the RBF and the pressure-natriuresis
relationships in the ACF TGR and to compare the results
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with those in transgene-negative, normotensive Hannover
Sprague-Dawley (HanSD) rats in the early phase after
creation of ACF.

Methods

Ethical approval and animals

The study was performed in accordance with the guidelines
and practices established by the Animal Care and Use
Committee of the Institute for Clinical and Experimental
Medicine (IKEM), Prague, which accord with the European
Convention on Animal Protection and Guidelines on
Research Animal Use, and were approved by this com-
mittee and subsequently by the Ministry of Health of the
Czech Republic (the decision number for this project is
18680/2020-4/OVZ). All the animals employed in the study
were bred at the IKEM, which is accredited by the Czech
Association for Accreditation of Laboratory Animals.
Experiments were performed in heterozygous TGR that
were generated by breeding male homozygous TGR with
female homozygous HanSD rats. Male HanSD served as
normotensive controls. Animals were housed under stan-
dard conditions (12:12, light:dark cycle) and had free access
to standard rat chow and water. The study was carried out in
compliance with the ARRIVE (Animals in Research:
Reporting In vivo Experiments) guidelines [24].

Heart failure model, exclusion criteria, and
definition of the phase of HF

Eight-weeks-old male TGR and HanSD rats were anesthe-
tized with intraperitoneal ketamine/midazolam mixture
(Calypsol, Gedeon Richter, Hungary, 160 mg/kg and Dor-
micum, Roche, France, 160 mg/kg). HF variant dependent
on the volume overload was then induced by creating ACF
using a needle technique. This procedure is routinely per-
formed in our laboratory and the details were reported
previously [21–23, 25, 26]. Sham-operated rats underwent
an identical procedure but without creating ACF (sham-
ACF). If a technical error occurred during ACF creation
procedure or pulsatile flow in the inferior vena cava could
not be confirmed, suggesting flawed ACF function, animals
were excluded from the study. An additional exclusion
criterion was established based on the studies showing that
after creation of ACF some rats developed major sodium
retention and died within first 3–5 days after ACF creation
[27, 28]. Therefore, the rats that died within the first 5 days
after ACF creation were also excluded from our analyses.
One week after creation of ACF, HanSD rats as well as
TGR were considered to be in the phase of very early
compensation phase of HF, because based on our previous

studies, the transition from the compensation to the
decompensation phase occurs twenty weeks after ACF
creation in HanSD rats and after three weeks in TGR
[21–23, 25, 29, 30].

Renal function studies

Surgical preparation

On the day of experiment, rats were anesthetized with
intraperitoneal sodium thiopental (50 mg/kg, i.p.) and
placed on the thermoregulated surgical table to maintain
body temperature at 37 °C. Tracheostomy was performed
and a PE-240 tube was inserted to maintain a patent airway,
and the exterior end of tracheal cannula was placed inside a
small plastic chamber into which a humidified 95% oxygen/
5% carbon dioxide mixture was continuously delivered.
This has been shown to improve the stability of arterial
blood pressure (BP) of barbiturate-anesthetized rats [31].
Notably, even if barbiturate anesthesia exhibits some
negative effects on BP, we have previously reported that the
values obtained in anesthetized rats are an accurate reflec-
tion of BP values in conscious rats [32–35]. The right
jugular vein was cannulated with a PE-50 catheter for fluid
infusion and for administration of the anesthetic. PE-50
cannulas were placed in the left carotid artery and the left
femoral artery for continuous measurement of arterial BP
above and below the left renal artery. Mean arterial pressure
(MAP) was monitored with a pressure transducer (model
MLT1050, ADInstruments) and recorded using a compu-
terized data-acquisition system (Power Laboratory/4SP,
ADInstruments). The left kidney was exposed via a flank
incision, isolated from the surrounding tissue and placed in
a lucite cup. The ureter was then cannulated with a PE-10
catheter. Two aortic clamps were placed on the aorta, one
above the superior mesenteric artery and one below the left
renal artery, to allow manipulation of renal arterial pressure
(RAP). The ultrasonic transient-time flow probe (1RB,
Transonic System) connected to a Transonic flowmeter was
placed around the left renal artery and RBF was recorded
using a computerized data-acquisition system. At the end of
experiment, zero value was established by complete
occlusion of the aorta. During and after the surgery, an
isotonic saline solution containing bovine serum albumin
(6%, Sigma Aldrich Chemical Co., Prague, Czech Repub-
lic) was infused at 60 µl/min. This general surgical pre-
paration is based on the original methods developed by
Roman and Cowley for studying pressure-natriuresis in the
rat [36] and modified by Wang et al. [37]. The procedure
has been standardly used in our laboratory in various
hypertension models [38–42].

After completion of the surgical procedure, 50-min
equilibration was allowed for rats to reach steady state
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before initiating one 30-min control urine collection at a
baseline level of RAP. Subsequently, using the aortic
clamps, RAP was increased or reduced to the levels as
indicated for different experimental protocols (see below).
Moreover, corresponding urine collection periods
were done.

Urine volume was measured gravimetrically. The urinary
sodium concentration was determined by flame photometry.
The values were calculated per gram kidney weight. At the
end of the experiment, whole heart weight (HW) and then
left ventricle weight (LVW) (including septum), right ven-
tricle weight (RVW) and lung weight (“wet lung weight”)
were assessed as described in our previous studies
[21–23, 26, 29, 30].

Experimental protocols

a. Control protocol in sham-operated and ACF HanSD
rats, and in sham-operated and ACF TGR.

In all groups in which control protocol was applied,
after initial control urine collection at the basal level
of RAP, four additional 30-min urine collections at
the same RAP were performed.

b. Experimental protocol in sham-operated HanSD rats.
After initial control urine collection at the basal level

of RAP, four 30-min urine collections were done at

RAP reduced to 110, 100, 90 and 80mmHg. A five-
min equilibration period was allowed after each RAP
reduction.

c. Experimental protocol in ACF HanSD rats.
After initial control urine collection at the basal level

of RAP, two 30-min urine collections at RAP reduced
to 90 and 80mmHg, and two 30-min urine collections
at RAP increased to 110 and 120mmHg were
performed.

d. Experimental protocol in sham-operated TGR.
After initial control urine collection at the basal level

of RAP, four 30-min urine collections were performed
at RAP reduced to 125, 100, 90 and 80mmHg.

e. Experimental protocol in ACF TGR.

After initial control urine collection at the basal level of
RAP, three 30-min urine collections were performed at
RAP reduced to 100, 90 and 80 mmHg, followed by one 30-
min urine collection at RAP increased to 125 mmHg.

The values of RAP steps used were chosen based on our
previous studies employing sham-operated and ACF
HanSD rats as well as TGR [22, 23, 29]. This was done to
obtain RBF, urine flow and renal sodium excretion values
as far as possible comparable between the groups of the
same RAP.

The experimental protocols in all experimental groups
are outlined in Table 1.

Table 1 Experimental groups and the values of renal arterial pressure (RAP) during individual urine collection periods (U)

RAP (mmHg)

EXPERIMENTAL GROUP

U1 U2 U3 U4 U5

Sham-operated HanSD Basal RAP 110 100 90 80

ACF HanSD Basal RAP 90 80 110 120

Sham-operated TGR Basal RAP 125 100 90 80

ACF TGR Basal RAP 100 90 80 125

HanSD transgene-negative Hannover Sprague-Dawley rats, TGR Ren-2 renin transgenic rats, ACF aorto-caval fistula

indicates reduction of renal arterial pressure in the appropriate experimental group and in the given urine collection period

indicates increase of renal arterial pressure in the appropriate experimental group and in the given urine collection period
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Experimental groups

The following experimental groups were examined:

1. Sham-operated HanSD rats (no ACF) + control
protocol (n= 11)

2. Sham-operated HanSD rats + experimental protocol
(n= 14)

3. Sham-operated TGR + control protocol (n= 11)
4. Sham-operated TGR + experimental protocol

(n= 15)
5. ACF HanSD rats in very early phase of HF + control

protocol (n= 12)
6. ACF HanSD rats in very early phase of HF +

experimental protocol (n= 14)
7. ACF TGR in very early phase of HF + control

protocol (n= 12)
8. ACF TGR in very early phase of HF + experimental

protocol (n= 15)

Histological evaluation of the heart and kidney
tissues

In separate appropriately matched four experimental groups
(n= 8 in each), i.e. sham-operated HanSD rats, sham-
operated TGR, ACF HanSD rats and ACF TGR, the hearts
and kidneys were subjected to histological examination of
the myocardium and renal cortex as described previously
[26, 43–45].

Heart evaluation

The rats were anesthetized with a combination of mid-
azolam 5 mg.kg−1 (Dormicum, Roche Ltd., Prague, Czech
Republic) and ketamine 50 mg.kg−1 (Calypsol, Gedeon
Richter Ltd., Budapest, Hungry) i.p. The beating (pulsating)
organ i.e. the native heart was perfused in situ with 20 ml of
Thomas cardioplegia solution and subsequently fixed in 4%
paraformaldehyde in phosphate-buffered saline and
embedded into Tissue-Tek. The blocks were cut using a
cryo-microtome, and cardiomyocyte width was measured in
the subendocardium, mid-myocardium, and subepicardium
of the LV. Cardiomyocyte length was measured only in the
midmyocardium; in each layer, 30 cardiomyocytes were
assessed. To avoid underestimation, only the cells in which
the nucleus was visible were measured. Since there were no
significant differences in the cardiomyocyte width between
the layers, the data from the subendocardium, mid-
myocardium, and subepicardium were pooled, as was also
practiced by other investigators [46]. Analysis of LV and
RV fibrosis was performed in sections stained with Picro-
sirius red (Direct Red 80, Sigma Aldrich, MO, USA) as

described in detail previously [43]. The interstitial collagen
was analyzed in polarized light using 10 images of the LV
and RV scanned from a midmyocardium, without perivas-
cular areas (magnification 200x, microscope Nikon eclipse
Ni-E, camera Nikon DS-L3, Tokyo, Japan). The percent
area of myocardial fibrosis was calculated semiquantita-
tively, using imaging software NIS-Elements Ar (LIM,
Prague, Czech Republic). Measurements of cardiomyocyte
width and length, and of the degree of myocardial fibrosis
were performed one week after either sham-operation or
ACF creation. The histological examination had to be per-
formed in separate groups of animals because perfusion
with cardioplegia solution with subsequent immediate
fixation in paraformaldehyde solution precludes precise
determination of the whole HW and the LV or RV weights.

Kidney evaluation

The kidneys were used to assess glomerular damage and
tubulointerstitial injury. The kidneys were fixed in 4%
formaldehyde, dehydrated and embedded in paraffin. The
sections stained with periodic acid, for Schiff reaction, were
examined and evaluated in a blind-test fashion. Fifty glo-
meruli in each kidney were examined on a semi-quantitative
scale. The evaluation was as follows: grade 0, all glomeruli
normal; grade 1, sclerotic area up to 25% (minimal
sclerosis); grade 2, sclerotic area 25 to 50% (moderate
sclerosis); grade 3, sclerotic area 50 to 75% (moderate-to-
severe sclerosis); grade 4, sclerotic area 75 to 100% (severe
sclerosis). The glomerulosclerosis index (GSI) was calcu-
lated using the following formula: GSI= [(1 x n1)+ (2 x
n2)+ (3 x n3)+ (4 x n4)]/(n0+ n1+ n2+ n3+ n4), where nx
is the number of glomeruli in each grade of glomerulo-
sclerosis. Kidney cortical tubulointerstitial injury was
evaluated as defined by Nakano et al. [47], to determine
inflammatory cell infiltration, tubular dilatation, atrophy, or
interstitial fibrosis. The injury was graded semi-
quantitatively using the following scale of lesions: grade
0, no abnormal findings; 1, mild (<25% of the cortex); 2,
moderate (25–50% of the cortex); 3, severe (>50% of the
cortex). The lesions were assessed in at least 30 random and
non-overlapping fields in the renal cortex. Thus, the max-
imum score for GSI is 4 and for the index of kidney
tubulointerstitial injury (TSI) is 3. The values of GSI < 0.5
and TSI < 0.4 are considered as healthy renal tissue without
sign of significant renal damage. This method is always
employed in our studies evaluating the degree of kidney
damage [26, 44, 45].

After implementation of the exclusion criteria a total
number of 156 rats (75 HanSD rats and 81 TGR) were used
in all series of experiments, which means that 8 HanSD rats
and 12 TGR were excluded based on the aforementioned
criteria.
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Statistical analysis

All values are expressed as means ± SEM. Using the Graph-
Pad Prism software (Graph Pad Software, San Diego, CA,
USA), statistical analysis was performed: Student´s t-test
for unpaired data, or one-way analysis of variance
(ANOVA) followed by Tukey-Kramer multiple comparison
test when appropriate. ANOVA for repeated measurements
was performed for the analysis within groups (e.g. for the
analysis of autoregulatory capacity of RBF). Values
exceeding 95% probability limits (p < 0.05, two-sided) were
considered statistically significant.

Results

Table 2 summarizes the data on the basal MAP, RBF, renal
vascular resistance (RVR), urine flow and absolute sodium
excretion (data from periods obtained at a basal level of RAP
and pooled from groups subjected to control and experimental
protocols). In addition, body weights (BW) and the ratio of
organ weights to BW in all four experimental groups are
shown (again, pooled as stated above). Sham-operated TGR
were markedly hypertensive as compared with sham-operated
HanSD rats, and basal RBF, urine flow and absolute sodium
excretion were also significantly higher in the former. ACF
creation resulted in significant decreases in MAP in TGR as
well as HanSD rats, but the BP remained significantly higher
in ACF TGR, even though when expressed as percentage,

decreased MAP in ACF TGR was about 37% below the level
in sham-operated TGR, whereas in ACF HanSD rats the
MAP was about 22% lower than in sham-operated HanSD
rats (see Table 2). One week after ACF creation HanSD rats
displayed marked bilateral cardiac hypertrophy, but as indi-
cated by the ratio of RVW to LVW, the right ventricle (RV)
hypertrophy was more pronounced than that of the left ven-
tricle (LV). ACF creation in TGR caused a significant
increase in the whole HW to BW ratio, but this increase was
exclusively due to RV hypertrophy, because the LV to BW
ratio did not increase as compared with sham-operated TGR.
This explanation is further supported by a marked increase in
the ratio of RVW to LVW in ACF TGR as compared with
sham-operated TGR. In addition, ACF rats displayed marked
lung congestion as seen from increases of wet lung weights
normalized to BW, when compared with the corresponding
data from their sham-operated counterparts. Notably, lung
congestion was more pronounced in ACF TGR than in ACF
HanSD rats (see Table 2).

Gross morphological changes in the heart are shown in
Fig. 1 which shows representative whole heart images in
sham-operated HanSD rats, sham-operated TGR, ACF
HanSD rats and ACF TGR, as well as the images of the
same groups in transversely cut hearts. Sham-operated TGR
displayed concentric LV hypertrophy and ACF creation
caused dilatation of the LV and RV cavities accompanied
by an increase of wall mass.

Figure 2 summarizes the morphological changes at the
cardiomyocyte level. Sham-operated TGR showed

Table 2 Basal values of arterial blood pressure, renal function and organ weights pooled from groups undergoing control and experimental
protocols

Group

Sham-operated HanSD ACF HanSD Sham-operated TGR ACF TGR

(n= 25) (n= 26) (n= 26) (n= 27)

Body weight (g) 442 ± 8 430 ± 6 425 ± 7 431 ± 6

Mean arterial pressure (mmHg) 107 ± 2 88 ± 2a 156 ± 3b 98 ± 2a

Renal blood flow (ml.min−1.g−1) 8.48 ± 0.42 6.55 ± 0.22a 11.45 ± 0.56b 8.13 ± 0.29a,c

Renal vascular resistance (mmHg.ml−1.min−1.g−1) 12.62 ± 0.55 13.42 ± 0.71 13.82 ± 0.69 12.14 ± 0.64

Urine flow (µl.min−1.g−1) 18.59 ± 2.09 8.91 ± 1.19a 38.30 ± 3.07b 8.86 ± 0.98a

Absolute sodium excretion (µmol. min−1.g−1) 3.39 ± 0.54 0.41 ± 0.09a 4.77 ± 0.54b 0.40 ± 0.24a

Heart weight (mg)/Body weight (g) 2.97 ± 0.04 3.86 ± 0.11a 3.68 ± 0.04b 4.42 ± 0.07a,c

Left ventricle weight (mg)/Body weight (g) 2.11 ± 0.02 2.41 ± 0.02a 2.85 ± 0.03b 2.92 ± 0.04a,c

Right ventricle weight (mg)/Body weight (g) 0.55 ± 0.01 0.79 ± 0.02a 0.50 ± 0.01 0.89 ± 0.02a,c

Right ventricle weight (mg)/Left ventricle weight (mg) 0.259 ± 0.005 0.331 ± 0.008a 0.175 ± 0.003b 0.303 ± 0.007a

Lung weight (mg)/Body weight (g) 4.09 ± 0.13 5.51 ± 0.14a 4.12 ± 0.11 6.15 ± 0.18a,c

The values are the means ± SEM

HanSD transgene-negative Hannover Sprague-Dawley rats, TGR Ren-2 renin transgenic rats, ACF aorto-caval fistula
ap < 0.05 ACF rats vs. sham-operated rats at the same strain
bp < 0.05 Sham-operated TGR vs. sham-operated HanSD rats
cp < 0.05 ACF TGR vs. ACF HanSD rats
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significantly higher cardiomyocyte width as compared with
sham-operated HanSD rats (Fig. 2A), which was accom-
panied by higher cardiomyocyte length in sham-operated
TGR than in sham-operated HanSD rats (Fig. 2B). This
resulted in the similar ratio of cardiomyocyte length to
cardiomyocyte width in sham-operated TGR and sham-
operated HanSD rats (Fig. 2C). These findings at the car-
diomyocyte level confirm that sham-operated TGR showed

concentric LV hypertrophy. ACF creation did not change
any of those parameters in HanSD rats. In contrast, ACF
creation did not significantly change cardiomyocyte width
in TGR, but caused a significant rise in cardiomyocyte
length in TGR, which resulted in a significant increase of
the ratio of cardiomyocyte length to cardiomyocyte width in
ACF TGR as compared with sham-operated TGR
(Fig. 2A–C). These findings at the cardiomyocyte level
corroborate the observation from the whole organ level and
suggest that ACF TGR are in the phase of development of
extensive eccentric LV hypertrophy, which is a hallmark for
this model of HF, already seen in this very early phase.
Figure 2D, E summarize the data on the index of myo-
cardial fibrosis (expressed in %) in the LV and RV. There
were no significant differences in the myocardial fibrosis in
the LV or the RV between sham-operated HanSD rats and
sham-operated TGR and ACF induction did not alter the
degree of myocardial fibrosis in ACF HanSD rats or ACF
TGR. There were no signs of myocardial necrosis or
appearance of scar tissue in any experimental group.

As shown in Fig. 2F, there were no significant differ-
ences in GSI between experimental groups and it is note-
worthy that all values for GSI were low, clearly in the range
which is regarded normal for healthy renal parenchyma.
The same is valid for TSI (data not shown).

Representative histological images of myocardial fibrosis
in the LV are shown in Fig. 3, and representative images of
the renal parenchyma are shown in Fig. 4.

The relation of RBF to actual RAP is shown in Fig. 5. It
is seen that sham-operated HanSD rats as well as ACF
HanSD rats maintained autoregulatory capacity of RBF in
response to changes of RAP even in case of its lowest level
(80 mmHg) (Fig. 5A). Only the increase of RAP in ACF
HanSD rats to 120 mmHg significantly increased RBF. RBF
tended to decrease with RAP in ACF HanSD rats, but the
changes did not reach significance level (p= 0.058).

As shown in Fig. 5B, sham-operated TGR exhibited
impaired autoregulatory capacity of RBF, because reduction
of RAP to 100 mmHg was sufficient to elicit significant
blood flow decreases when compared with the basal values
of RAP; these changes were much more pronounced at
80 mmHg. In contrast, in ACF TGR similar changes in
RAP, i.e. RAP reductions to 90 and 80 mmHg or an
increase to 125 mmHg only tended to affect alterations in
RBF (p= 0.061, p= 0.059 and p= 0.062 changes not
significant in all cases).

In all experimental groups that were exposed to the time
control protocol (five 30-min periods without alterations of
RAP), the rats showed marked and similar volume expan-
sion (haematocrit values decreased from 49 ± 4% to
36 ± 3%; p < 0.05). Only in ACF HanSD rats did RBF
increase significantly in the final period of the control study,
to values that were almost identical with those in

Fig. 1 Representative images of the whole heart and transversally cut
heart in sham-operated Hannover Sprague-Dawley (HanSD) rats
(A and C) (average whole heart weight in this group is 1373 ± 24 mg),
sham-operated Ren-2 transgenic rats (TGR) (B and D) (average whole
heart weight in this group is 1561 ± 22 mg), HanSD rats with aorto-
caval fistula (ACF) (E and G) (average whole heart weight in this
group is 1692 ± 49 mg) and ACF TGR (F and H) (average whole heart
weight in this group is 1908 ± 41 mg). All the images were obtained,
one week after sham-operation or ACF creation
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sham-operated HanSD rats. Otherwise no significant chan-
ges in RBF were seen in the animals exposed to time control
protocol (data not shown). Nor did the course of MAP
significantly change in the animals subjected to the control
protocol (again, data not shown).

The relation of the parameters of renal excretion to
RAP is shown in Fig. 6. The stepwise reductions in RAP
in sham-operated HanSD rats caused significant decreases
in urine flow and in absolute sodium excretion. However,
in ACF HanSD rats the reduction in RAP from the basal
85 mmHg to the lowest level (80 mmHg) did not cause
significant decreases in the excretory parameters; after
RAP reduction all the values were significantly higher
than in sham-operated HanSD rats at this RAP level. The
stepwise increases in RAP in ACF HanSD rats, to 110 and
120 mmHg, elicited marked increases in urine flow and
absolute sodium excretion. Consequently, at 110 mmHg
(the basal level for sham-operated HanSD rats), there
were no significant differences between ACF HanSD and
sham-operated rats, even though at the basal level of RAP
the values in ACF HanSD rats were markedly lower
(Fig. 6A, B).

As shown in Fig. 6C, D, in sham-operated TGR as well
as in ACF TGR stepwise reductions in RAP resulted in
marked decreases in urine flow and absolute sodium
excretion, however, in the latter rats the decreases from 90
to 80 mmHg were significantly less pronounced. Moreover,
at the RAP of 100 of mmHg, the usual level for ACF TGR,
the values of urine flow and absolute sodium excretion were
substantially higher than the values measured when RAP
was reduced to this level in sham-operated TGR. Moreover,
when in ACF TGR their RAP was increased to 125 mmHg,
the excretory parameters appeared higher (p= 0.058, not
significantly different) than observed in sham-operated
TGR at the same RAP level.

In all experimental groups undergoing time control
protocol, urine flow and particularly absolute sodium
excretion increased throughout the experiment (data not
shown). However, when the changes were analyzed in
percentage terms, no significant inter-group differences
were observed.

Discussion

The most important findings of our present study are as
follows: (i) One week after induction of ACF, ACF TGR
were in the process of development of eccentric LV
hypertrophy whereas ACF HanSD rats still exhibited signs
of LV concentric hypertrophy, (ii) One week after ACF
creation ACF HanSD displayed bilateral cardiac hyper-
trophy whereas the increase in the whole HW in ACF TGR
was exclusively due to RV hypertrophy, (iii) One week after
ACF creation, ACF HanSD rats as well as ACF TGR
showed lower MAP, RBF, urine flow and absolute sodium
excretion as compared with their sham-operated (no ACF)
counterparts, (iv) One week after ACF induction, ACF
HanSD rats as well as ACF TGR demonstrated well-
maintained RBF autoregulatory capacity and improved
slope of the pressure-natriuresis relationship as compared
with their sham-operated counterparts; the difference was
more pronounced in ACF TGR than in ACF HanSD rats.

These findings require extensive discussion.
The first important set of findings presents analysis of the

organ weights, blood pressure and renal function data.
Earlier studies that have correlated the organ morphometry
(HW, RVW and LVW) with cardiac function (evaluated by
echocardiography and direct hemodynamic pressure-
volume analyses) have shown that organ weights are reli-
able predictors for the onset of cardiac decompensation, at
least in the high-output HF model obtained by ACF creation
[25, 48–52]. In TGR the earliest phase of ACF-induced HF
starts one week after ACF creation. Our recent studies
[22, 54, 55] showed that in ACF TGR the onset of the
decompensation phase occurs three to four weeks after ACF
creation, as indicated by a clear onset of mortality. We
showed that in HanSD rats, the decompensation phase of
HF starts twenty weeks after creation of ACF [29, 30, 56].
Thus, the data obtained one week after ACF creation are
certainly within compensation period, perhaps the earliest
phase of HF. They indicate that as soon as one week after
ACF creation, HanSD rats as well as TGR show marked
increases in HW, however, the difference between HanSD
rats and TGR is here noteworthy.

Our analysis at the whole organ level shows that ACF
HanSD rats displayed bilateral cardiac hypertrophy, even
though RV hypertrophy was here more pronounced (see
Table 2). In contrast, in ACF TGR the increase in whole
HW was exclusively due to an increase in RV mass (+78%
as compared with sham-operated counterparts), whereas the
LV mass increase was only about 2% of that in sham-
operated TGR. The finding that RV hypertrophy in ACF
HanSD rats and particularly in ACF TGR is markedly
higher than is LV hypertrophy is of special interest. In our
recent study creation of ACF resulted (within 3 weeks i.e. at

Fig. 2 Cardiomyocyte width (A), cardiomyocyte length (B), ratio of
cardiomyocyte length to cardiomyocyte width (C), fibrosis in the left
ventricle (D), fibrosis in the right ventricle (E) and glomerulosclerosis
index (F) in sham-operated Hannover Sprague-Dawley (HanSD) rats
(green bars), sham-operated Ren-2 transgenic rats (TGR) (red bars),
HanSD rats with aorto-caval fistula (ACF) (blue bars) an ACF TGR
(black bars), as recorded one week after sham-operation or ACF
creation. *p < 0.05 compared with the data for sham-operated coun-
terparts. @p < 0.05 compared with sham-operated TGR. Symbols are
always shown in the color appropriate for the corresponding experi-
mental group
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the onset of the decompensation phase of HF in ACF TGR)
in marked elevation in RV systolic pressure (RVSP) in ACF
TGR (a surrogate for the RV afterload) [22]. Our observa-
tion is in agreement with a much earlier evidence that in

normotensive rats creation of ACF resulted (within
4 weeks) in more pronounced RV hypertrophy [48] which
was accompanied by elevation in RVSP. Closing the ACF
resulted in normalization of LV as well as RV weights and

Fig. 4 Representative histological images of the renal cortex from the
sham-operated Hannover Sprague-Dawley (HanSD) rats (A), sham-
operated Ren-2 transgenic rats (TGR) (B), HanSD rats with aorto-

caval fistula (ACF) (C) and ACF TGR (D), recorded one week after
sham-operation or ACF creation. Sections are stained with periodic
acid, for Schiff reaction. The scale bar in the figure is 100 µm

Fig. 3 Representative histological images of the left ventricle from the
sham-operated Hannover Sprague-Dawley (HanSD) rats (A), sham-
operated Ren-2 transgenic rats (TGR) (B), HanSD rats with aorto-
caval fistula (ACF) (C) and ACF TGR (D), recorded one week after

sham-operation or ACF creation. Sections are stained with Picrosirius
Red (200x), in these bright-field microscopy images, the collagen is
red against a pale yellow background. The scale bar in the figure is
100 µm
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RVSP, returning them to values observed in sham-operated
normotensive rats. Therefore, it is believed that the rela-
tively higher mass of RV compared with LV in ACF model
of HF is the consequence of combination of volume over-
load and increased RV afterload. Even though it is tempting
to claim that the higher degree of RV hypertrophy that we
observed in TGR after ACF creation could be related to the
level of RVSP higher than observed in ACF HanSD rats,
our recent data do not support this notion. Actually, we
found that the degree RVSP in ACF TGR (3 weeks after
ACF creation) [22] and in normotensive rats (4 weeks after
ACF creation) [42] was virtually identical. Therefore, it is
doubtful that the higher degree of RV hypertrophy in ACF

TGR than observed in ACF HanSD rats could be simply
ascribed to higher RV afterload within the first week.
Nevertheless, to conclusively resolve this issue more com-
prehensive studies are needed.

Our analysis at the tissue level showed that the heart
remodeling response to chronic volume overload, i.e.
development of eccentric LV hypertrophy (hallmark of the
pathophysiology of HF in this model [49–53]) was clearly
present in ACF TGR already one week after creation of
ACF. Of special interest was that increased cardiomyocyte
length in ACF TGR was here already present at this very
early phase, whereas it was absent in ACF HanSD rats. We
and others [57, 58] demonstrated that in normotensive rats
exposed to chronic volume overload via ACF creation did
not increase the cardiomyocyte length during first 60 days
of volume overload. This indicates that in contrast to ACF
HanSD rats ACF TGR were already in the process of
development of extensive eccentric LV hypertrophy,
whereas ACF HanSD rats still exhibited signs of LV con-
centric hypertrophy. Whether this difference in the LV
hypertrophy pattern after ACF creation contributing to the
different course of HF in ACF TGR and ACF HanSD rats
remains uncertain and future studies are needed to address
this issue. Moreover, our present findings show that one
week after creation of ACF neither ACF HanSD rats nor
ACF TGR showed increased myocardial fibrosis, in
accordance with our previous studies in normotensive rats
showing that even long-term chronic volume overload
induced by ACF (11 and 21 weeks) did not cause significant
rise in myocardial fibrosis [57], which strongly suggests that
increased myocardial fibrosis does not play any important
pathophysiological role in this model of HF.

Another important difference between ACF HanSD rats
and ACF TGR is that the latter showed markedly greater
lung congestion, which suggests that in TGR LV failure
was developing very early after creation of ACF. It is not
clear if the onset of LV failure was here related to the
absence of significant LV hypertrophic response. According
to the hypothesis first put forward by Linzbach [59], the
transition to HF is triggered by a marked ventricular dila-
tation once the myocardial hypertrophic compensatory
response is present. The Linzbach´s theory was confirmed
in normotensive rats by Brower and Janicki [50] who
showed that in the ACF-induced model of HF, RV hyper-
trophy has continued in response to volume overload: in
contrast, the LV hypertrophic response reached the plateau
eight weeks after ACF induction and then LV function
began to deteriorate. Therefore, the authors concluded that
the inability of the LV to further hypertrophy was one of the
critical factors responsible for the development of overt HF
in this model [50]. Nevertheless, a straightforward correla-
tion between the degree of LV hypertrophy and develop-
ment of overt HF is doubtful. Further studies evaluating

Fig. 5 Relationship between renal arterial pressure (RAP) and renal
blood flow in (A) sham-operated Hannover Sprague-Dawley (HanSD)
rats (green line) and HanSD rats with aorto-caval fistula (ACF) (blue
line), (B) in sham-operated Ren-2 transgenic rats (TGR) (red line) and
ACF TGR (black line) in animals exposed to experimental protocol.
*p < 0.05 compared with the values at the basal RAP, @p < 0.05
compared with corresponding values either at the same RAP (for
experimental protocol) or at the same time point (for control protocol).
Symbols are always shown in the color appropriate for the corre-
sponding experimental group

2350 Z. Honetschlägerová et al.



cardiac morphometry and function by echocardiography
and by pressure-volume analyses are needed to unequi-
vocally confirm or refute the hypothesis that the absence of
significant LV hypertrophic response is responsible for the
marked lung congestion in ACF TGR in the very early
phase after ACF creation.

In addition, our data show that already in the earliest HF
stage both ACF TGR and ACF HanSD rats displayed
substantially lowered RBF and renal excretory function, the
latter seen from the low urine flow and absolute sodium
excretion; evidently, renal dysfunction had been already
established. These findings are important in that they further
undermine the hypothesis that renal dysfunction is a simple
consequence of hemodynamic disorder and/or excessive
compensatory activation of the neurohormonal systems,
such as the RAS and the sympathetic nervous system
(SNS). More probably, the dysfunction is an important
factor initiating the progression of HF. While the

heart-kidney interactions in HF patients have been recog-
nized for decades and reduced RBF and renal dysfunction
have been shown to be important predictor of mortality in
HF patients [10, 11, 60, 61], only more recently was the
opinion expressed that the treatment of renal dysfunction
itself can improve the long-term prognosis of patients with
HF [62]. This new concept is in agreement with our present
findings and the notion that kidney dysfunction is not
merely a “victim” of HF progression but also, if not quite a
“culprit”, at least an important factor in the pathophysiology
of the progression of HF.

The second important set of findings relates to the
autoregulatory capacity of the RBF and the pressure-
natriuresis relationship. Studies over past five decades have
unequivocally demonstrated that impaired renal auto-
regulation plays a critical role in the progression of various
diseases, such as hypertension, chronic kidney disease and
diabetes mellitus [63]. On the contrary, the disease models

Fig. 6 Relationship between renal arterial pressure and urine flow
(A and C) and absolute sodium excretion (B and D) in sham-operated
Hannover Sprague-Dawley (HanSD) rats (green line) and HanSD rats
with aorto-caval fistula (ACF) (blue line), in sham-operated Ren-2
transgenic rats (TGR) (red line) and ACF TGR (black line) in animals

exposed to experimental protocol. *p < 0.05 compared with the values
at the basal RAP, @p < 0.05 compared with the corresponding values
at the same RAP. Symbols are always shown in the color appropriate
for the corresponding experimental group. NB. Please notice and take
into consideration the interrupted y-axes and the parameter curves
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with maintained efficient renal autoregulation, as is the case
with the spontaneously hypertensive rat (SHR), exhibit
good protection against hypertension-induced renal injury
[63]. In addition, numerous studies have shown that in all
experimental animal models of hypertension, the pressure-
natriuresis relationship is blunted compared with normo-
tensive control animals [64–66]; this was specifically con-
firmed in several ANG II-dependent models of hypertension
[37, 38, 40–42, 67, 68]. Even though ANG II is not a
mediator of pressure-natriuresis, it is a powerful modulator
of the slope of the pressure-natriuresis curve. Activation of
the RAS can markedly suppress the pressure-natriuresis
relationship, leading to an impairment of sodium excretion
and progressive aggravation of hypertension, as indeed
observed in ANG II-dependent models of hypertension
[10, 69]. In this context, we found that in the Cyp1a1-Ren-2
transgenic rat [38], a model of inducible ANG II-dependent
form of hypertension, an impairment of the autoregulation
of renal hemodynamics and of the pressure-natriuresis
relationship precedes the development of hypertension
[38, 71–73], in agreement with the Guyton’s theory
regarding the pathophysiology of the development of
hypertension [74]. In view of such evidence and the find-
ings reported mainly by Brenner´s and Frohlich´s groups
[16–20] we put forward the hypothesis that impairment of
autoregulation of the RBF and of the pressure-natriuresis
relationship precedes the onset of the decompensation phase
in high-output HF, and that this impairment is augmented in
ANG II-dependent hypertension.

In agreement with previous studies, including our own
[41, 75, 76], we found that sham-operated TGR displayed
impairment of the RBF autoregulatory capacity and a marked
suppression of the pressure-natriuresis relationship as com-
pared with sham-operated HanSD rats. This would accord
with the concept that such impairment is a critical mechanism
in the pathophysiology of hypertension, as proposed by
Guyton et al. [74] and supported by several other groups
[36, 37, 63–68, 77]. These findings have supported our initial
hypothesis about the role of the impairment of the renal
autoregulation capacity and the pressure-natriuresis rela-
tionship in the onset of decompensation phase of HF, parti-
cularly in ACF TGR. It is bewildering, however, that ACF
HanSD rats and ACF TGR did not exhibit impairment of
RBF autoregulation and pressure-natriuresis relationship.
ACF animals actually showed leftward shift of the pressure-
natriuresis curve, especially prominent in ACF TGR. Thus,
our data show that at the basal RAP level usual for ACF
animals, marked reduction in RBF, urine flow, absolute
sodium excretion was seen, as compared with the sham-
operated (without ACF) counterparts. Although the well-
maintained autoregulatory capacity of the RBF and the
improved slope of the pressure-natriuresis relationship is
incompatible with our original hypothesis, the data suggest

that the leftward shift of the pressure-natriuresis curve might
facilitate sodium excretion after ACF creation and help
attenuate the reduction in sodium excretion under conditions
of lower RAP in ACF animals, particularly in ACF TGR. In
other words, if ACF TGR did not exhibit the leftward shift of
the pressure-natriuresis relationship, a more pronounced
impairment of sodium excretion would result, likely leading
to faster progression of HF and the development of its overt
form or even decompensation.

Limitations of the study

The first limitation is the lack of data on plasma and kidney
ANG II and atrial natriuretic peptide (ANP) levels. Acti-
vation of the RAS and ANP can substantially modulate the
pressure-natriuresis relationship and RBF autoregulatory
capacity [69, 70, 75–77], hence the value of knowing ANG
II and ANP concentrations to estimate their role in the
regulation of sodium excretion in the earliest phase of the
high-output variant of HF. Unfortunately, it is impossible to
obtain reliable data from such analyses in surgically stres-
sed, anesthetized animals, as those required for the needed
renal function studies. Plasma and tissue ANG II con-
centrations as well as renin secretion are in such animals
higher than those measured in conscious rats after decap-
itation [32, 33, 78, 79]. Moreover, blood sampling itself for
hormone determination would alter both BP and hormone
activity and, obviously, obtaining reliable intrarenal hor-
mone concentrations at various RAP levels is not feasible.
Briefly, attempts to determine the hormone levels in our
experimental setup would not be successful and this was not
done in earlier studies [36–42, 64–68, 75–77].

Another limitation was the absence of assessment of the
effects of pharmacological blockade of the RAS. Increased
RAS activity is a co-determinant of the pathophysiology of
progression in ACF-induced HF model [19–23, 25–28] and
modulates the pressure-natriuresis relationship [69, 70].
Therefore it would be interesting to assess the effects of the
blockade, especially in ACF TGR. Indeed, we found recently
that 15-weeks’ blockade of the RAS with angiotensin-
converting enzyme inhibitor (ACEi) attenuated eccentric
cardiac hypertrophy and improved ejection fraction without
restoring RBF [23], whereas the blockade of RAS by ANG II
type 1 (AT1) receptor antagonist improved cardiac function
and restored RBF. This implies beneficial effects of RAS
blockade on the survival of hypertensive TGR with ACF-
induced HF [25, 44, 45, 80] and indicates different effects of
the blockade depending on the use of ACEi or AT1 receptor
inhibition. Future studies are needed to address this issue,
however, they would be difficult to perform: either blockade
would decrease BP and hypotension is one of major adverse
effects of pharmacological treatment in HF [3–6].
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Nonetheless, even considering the aforementioned lim-
itations, we are convinced that the present results provide
important information on the pathophysiology of experi-
mental high-output HF which is a reasonable model of
human cardiorenal syndrome.

Summary and conclusion

The present results show that even in the very early stage
of high-output HF, renal dysfunction is demonstrable in
originally normotensive as well as in hypertensive rats.
However, the dysfunction and the subsequent HF
decompensation cannot be simply ascribed to impairment
of the autoregulatory capacity of the RBF and of the
pressure-natriuresis relationship. On the contrary, in the
high-output variant of HF in originally RAS-dependent
hypertensive rats, RBF autoregulation is well-maintained
and the slope of the pressure-natriuresis relationship is
improved. This suggests that a compensatory mechanism
is provided which attenuates impairment of renal sodium
excretion. These findings should be considered in attempts
to develop new treatment strategies in HF individuals,
especially those displaying hypertension before the
onset of HF.
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