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Abstract Sildenafil inhibits cyclic GMP-specific phos-
phodiesterase type-5A (PDES5A) and can prevent cardiac
hypertrophy and left ventricular (LV) dysfunction in mice
subjected to severe pressure-overload. The pathophysio-
logical role of sildenafil in adverse remodeling in the
hypertensive heart after chronic renin—angiotensin aldo-
sterone system stimulation is unknown. Therefore, we
studied the efficacy of the PDESA inhibitor sildenafil for
treating advanced cardiac hypertrophy and LV remodeling
due to angiotensin (Ang)ll-induced heart failure (HF)
in vivo. C57BL6/J mice were subjected to Angll-induced
cardiac hypertrophy for 3 weeks and cardiac dysfunction,
cardiac inflammatory stress response, adverse remodeling
as well as apoptosis were documented. Mice were subse-
quently treated with sildenafil (100 mg/kg/day) or placebo
with delay of 5 days for treating Angll infusion-induced
adverse events. Compared to controls, Angll infusion
resulted in impaired systolic (dP/dt;,,x —46 %, SV —16 %,
SW —43 %, E, +51 %, EF —37 %, CO —36 %; p < 0.05)
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and diastolic (dP/dty,i, —36 %, LV end diastolic pressure
+73 %, Tau +21 %, stiffness constant [ +74 %;
p < 0.05) LV function. This was associated with a signif-
icant increase in cardiac hypertrophy and fibrosis.
Increased inflammatory response was also indicated by an
increase in immune cell infiltration and apoptosis. Treat-
ment with sildenafil led to a significant improvement in
systolic and diastolic LV performance. This effect was
associated with less LV hypertrophy, remodeling, cardiac
inflammation and apoptosis. PDESA inhibition with silde-
nafil may provide a new treatment strategy for cardiac
hypertrophy and adverse remodeling in the hypertensive
heart.

Keywords Sildenafil - Cardiac inflammation - Cardiac
remodeling - PDESA inhibition

Introduction

Heart failure (HF) represents a complex multifactorial
syndrome, characterized by structural and functional
abnormalities of the myocardium [29, 47]. Arterial hyper-
tension and cardiac hypertrophy are major risk factors for
HF by inducing adverse remodeling, which is one hallmark
for poor outcome in patients. Consequently, therapeutic
suppression of left ventricular (LV) hypertrophy and
adverse remodeling are associated with improved mortality
[4, 43]. Therefore, beneficial therapeutic options would be
of major interest. An abnormal nitric oxide (NO) pathway is
significantly involved in several pathophysiological abnor-
malities encountered in HF syndrome. Accordingly, NO
activation may be one novel therapeutic target [10, 24].
Phosphodiesterase type 5A (PDESA) inhibition is an
attractive pharmacological strategy that enhances in vivo

@ Springer



Page 2 of 12

Basic Res Cardiol (2012) 107:308

NO signaling by increasing guanosine 3’,5'-cyclic mono-
phosphate (cGMP) availability in the myocardium [31]. The
cGMP-specific PDESA inhibitor sildenafil, which is used
clinically for the treatment of either erectile dysfunction or
pulmonary arterial hypertension, prevented the develop-
ment of severe cardiac hypertrophy in animal models, such
as the thoracic aortic constriction model in mice [36].
Moreover, selective inhibition of PDE5SA improved myo-
cardial infarct size and LV dilation in ischemic cardiomy-
opathy [34], doxorubicin-induced cardiomyopathy [7], and
diabetic cardiomyopathy [9, 18]. Additionally, others
investigated that sildenafil could preserve lung endothelial
function and prevents pulmonary vascular remodeling in a
rat model of diastolic HF [52]. Clinical studies of sildenafil
in patients suffering from HF have reported enhanced
exercise capacity, reduced pulmonary vascular resistance
and improved endothelial function [17, 38].

However, the precise role of the PDESA inhibitor sil-
denafil in pathological remodeling in the hypertensive heart
after chronic renin—angiotensin aldosterone system
(RAAS) stimulation still remains unclear. Therefore, we
examined the efficiency of PDES5SA inhibition in angioten-
sin (Ang)Il-induced HF in vivo. Here, we show evidence
that treatment with sildenafil improves LV performance,
inflammatory immune response and adverse remodeling in
Angll-induced cardiac dysfunction and fibrosis in mice.

Materials and methods
Drugs and dose determination

Experimental animal groups were randomly assigned and
Angll (1.8 mg/kg/day/s.c.; Bachem, Weil am Rhein, Ger-
many) or sterile ringer solution (Merck, Darmstadt, Ger-
many) was continuously infused via osmotic pumps (Alzet,
model 2004, Cupertino, CA, USA) over a period of
3 weeks. With delay of 5 days, animals received sildenafil
citrate (100 mg/kg/day; Viagra, Pfizer, USA) or placebo.
Although this dose is high for humans, the mouse metab-
olizes sildenafil at a higher rate [44], and this dose yields a
free plasma concentration of 10-15 nM, within the specific
and therapeutic range for PDESA [36].

Oral treatment with sildenafil was provided by mixing
drug into semi-soft rodent chow (Bioserv; 4-6 g/day) that
also provided full daily nutrition. WT mice and AngII mice
also received vehicle mixed in the food. In order to exclude
beneficial effects of sildenafil due to its blood pressure
lowering effects, we examined in a sub-study the effects of
the direct vasodilator hydralazine, which acts through blood
pressure reduction only. Animal groups were randomly
assigned and AnglI (1.8 mg/kg/day/s.c.; Bachem, Weil am
Rhein, Germany) or sterile ringer solution (Merck,
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Darmstadt, Germany) was continuously infused via osmotic
pumps (Alzet, model 2004, Cupertino, CA, USA) over a
period of 3 weeks. With delay of 5 days, animals received
hydralazine in drinking water (10 mg/kg/day; Barr Phar-
maceuticals, Montvale, NJ, USA) [51] to achieve similar
blood pressure lowering effects to sildenafil treatment. The
experimental groups consisted of WT, WT + HY, Angll,
Angll + HY (n = 10-14 per group; Fig. 9).

Surgical procedures and hemodynamic measurements

Eight- to ten-week-old male C57BL6/J mice were randomly
divided into four groups (n = 7-11 per group). The experi-
mental groups consisted of WT, WT + Sil, Angll,
Angll + Sil. After 3 weeks, all animals were anesthetized
(thiopental 125 mg/gi.p.; Merial, Hallbergmoos, Germany),
intubated, and artificially ventilated with a rodent ventilator
type 7025 (Ugo Basile, Comerio, VA, Italy). Heart rate,
systolic blood pressure, LV contractility (dP/dt,,,x), stroke
volume (SV), stroke work (SW), afterload (E,), LV relaxa-
tion (dP/dt,,;,), LV relaxation time (Tau), LV end diastolic
pressure (LVEDP), ejection fraction (EF) and cardiac output
(CO) as indices of global, systolic and diastolic LV function
were recorded via a microconductance catheter (1.2F) sys-
tem in closed chest animals as described previously [2, 50].
This investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US NIH (NIH
Publication No. 85-23, revised 1996).

Tissue preparation

After mice were killed, LV tissues were excised, immedi-
ately snap frozen in liquid nitrogen and stored at —80 °C
for biological and immunohistological analyses.

RNA isolation from heart tissue

Total RNA was extracted from LV sections by the TRIzol
method (Invitrogen, Carlsbad, CA, USA) as described
previously [2]. Further purification was accomplished
using the RNeasy Mini kit (Qiagen, Hilden, Germany). The
yield of purified total RNA was determined by measuring
the ultraviolet absorbance at 260 nm on a NanoDrop
ND-1000 spectrophotometer (Agilent Technologies,
Boeblingen, Germany). RNA was reverse transcribed (1 pg
RNA) using the High Capacity cDNA Archive kit (Applied
Biosystems, Darmstadt, Germany).

TagMan low-density arrays of heart tissue
TagMan low-density arrays were carried out as described

previously [1, 19] using specific gene expression assays
(Applied Biosystems) for CX3C chemokine receptor 1
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(CX3CR1), CX3C motif ligand 1 (CX5CL1), tumor
necrosis factor (TNF)-a, interleukin (IL)-6, interleukin
(IL)-18, nitric oxide synthase (NOS)2, Bax, Bcl-2, atrial
natriuretic peptide (ANP), B-myosin heavy chain (3-MHC),
cGMP-dependent protein kinase 1o (PKGla), phosphodi-
esterase SA (PDESA), matrix metalloproteinase (MMP)13,
tissue inhibitor of metalloproteinases (TIMP)1, collagen
(Col)1A2, collagen (Col)3Al, disintegrin and metallopro-
teinase with thrombospondin motif-1 (ADAMTSI1) and
disintegrin and metalloproteinase with thrombospondin
motif-2 (ADAMTS2).

Immunohistological measurements

As described previously [32, 46, 48], murine tissue of the
left ventricle was embedded in Tissue-Tek (Dako) and
immunohistochemistry was performed with specific anti-
bodies directed against CD11b (Pharmigen), CD68 (Ab-
cam), receptor of advanced glycation end products (RAGE,
Abcam), receptor for activated protein kinase ¢ (RACKI,
Abcam), collagen I (Chemicon), collagen III (Chemicon),
a-smooth muscle actin (SMA, Abcam), monocyte chemo-
attractant protein-1 (MCP-1, Abnova), MMP13 (GeneTex),
TIMP1 (Abcam) and PKGla (Bios). Quantification was
performed by digital image analyses [32]. In brief, the ratio
between the heart tissue area and the specific chromogen-
positive area was calculated (area fraction, %). The amount
of infiltrating cells was calculated by measuring the num-
ber of cells per area of heart tissue (cells/mmz). For cell
size determination, ImageJ software was used to calculate
cardiomyocyte surface area of at least 200 cells per
experimental group. Statistical significance of observed
differences in cardiomyocyte cell size was determined by
Student’s ¢ test and ANOVA (p < 0.05).

TUNEL assay

Apoptotic cells were detected in cryosections by end-
labeling the fragmented DNA using the DeadEnd™ Col-
orimetic TUNEL System (Promega, USA) according to the
manufacturer’s instructions. TUNEL-positive cells were
calculated as cells per area of heart tissue [2].

Statistical analyses

Statistical analysis was performed using SPSS Version
12.0. Data are expressed as the mean & SEM. Statistical
differences were assessed using the Kruskal-Wallis test in
conjunction with the Mann—Whitney U post hoc test.
Bonferroni correction was applied to the post hoc Mann—
Whitney test to adjust for multiple comparisons. The cal-
culated results were similar. Differences were considered
statistically significant at a value of p < 0.05.

Results
Cardiac function

Three weeks after exogenous Angll infusion, heart rate,
systolic blood pressure, systolic and diastolic LV function
were determined in all experimental groups (Table 1).
Chronic infusion of AnglII (1.8 mg/kg/day/s.c.) resulted
in impaired cardiac output and significant reduction of sys-
tolic function (dP/dt,,,x —46 %, SV —16 %, SW —43 %, E,
+51 %, EF —37 %, CO —36 %; p < 0.05) and diastolic
function (dP/dty;, —36 %, LVEDP +73 %, Tau +21 %,
stiffness constant § +74 %; p < 0.05), indicating a signifi-
cant global cardiac dysfunction (Table 1). Interestingly,
treatment with sildenafil ameliorated systolic LV dysfunc-
tion (dP/dtax +29 %, SW +31 %, E, —43 %,EF + 26 %,
CO +34 %; p < 0.05) and improved diastolic dysfunction
(dP/dt;n +19 %, LVEDP —38 %, stiffness constant 3
—48 %; p < 0.05) to values similar to the controls (Table 1).

Cardiac cytokine activation

We measured the inflammatory cytokine activation in
hearts from those cytokines associated with the inflam-
matory immune response in chronic HF [14]. Quantifica-
tion of expression of CX3CR1 receptor (Fig. 1c; 2.5-fold)
and of the pro-inflammatory cytokines CX;CL1 (Fig. 1f),
TNF-a (Fig. 1a), IL-6 (Fig. 1b), IL-18 (Fig. 1d) and NOS2
(Fig. le) displayed a 2.1-, 4.8-, 8.5-, 2.1- and 1.5-fold
elevation after 3 weeks of Angll treatment, respectively.
Treatment with sildenafil reduced the Angll-driven
increase of all these pro-inflammatory factors and CX;CR1
receptor expression (p < 0.05). Sildenafil alone did not
affect any cytokine and receptor expression levels.

Cardiac immune cell infiltration and RAGE expression

Angll induced an intensified cardiac immune response, as
indicated by increases in CD11b-positive, CD68-positive
cell infiltration and RAGE protein expression (4.9-, 4.8-,
3.9-fold) in the myocardium (Figs. 2, 3). Here as well,
treatment with sildenafil displayed a significant reduced
cardiac immune cell infiltration and RAGE expression
(p < 0.05). Sildenafil alone did not show any effect on
cardiac immune cell infiltration and RAGE expression.

Cardiac apoptosis

Angll-diseased mice showed a significantly increased
amount of TUNEL-positive apoptotic cells, Bax/Bcl-2
mRNA expression ratio and RACKI1 protein expression
when compared to controls (p < 0.05). Sildenafil-treated
mice displayed a significant reduction of TUNEL-positive
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Table 1 Animal characteristics and hemodynamic results 3 weeks after treatment

WT WT + Sil Angll AngllI + Sil

Animal characteristics

Body weight (g) 29.7 £ 0.3 30.2 £ 0.7 26.8 £ 0.5 271+ 03

LV weight (mg) 95 +7 101 £5 143 £ 97 126 £+ 7*

LV weight/body weight ratio (mg/g) 3.1 £0.09 3.2+ 0.06 53 4 0.07" 4.5 £ 0.03*
Global LV function

Heart rate (bpm) 522 £ 16 509 £+ 19 489 £+ 17 507 £+ 31

Systolic blood pressure (mmHg) 1133 £ 7 1094 £ 9 137 £ 6 126 £ 7

Cardiac output (pl/min) 13,975 + 881 14,013 £+ 746 9,077 + 954" 11,792 £ 559*

Stroke volume (pul) 244 + 0.5 22.8 +£ 0.7 17.5 + 047 204 + 0.8

Stroke work (ul mmHg) 1,775 + 34 1,688 £ 53 977 + 817 1,399 £ 52*

E, (mmHg/ul) 35+03 3.1 +0.5 6.1 + 0.47 34 4+ 04%

Ejection fraction (%) 68 £ 4.9 65 + 6.3 41+ 74 54 +£3.9
Systolic LV function

LV contractility (mmHg/s) 10,956 + 416 11,032 £ 811 5,987 + 5477 8,337 £ 421*
Diastolic LV function

LV diastolic relaxation (mmHg/s) —6,177 £ 297 —6,353 £+ 318 —4,129 + 4017 —5,078 + 361*

LV diastolic relaxation time (ms) 8.8 £0.2 10.7 £ 04 13.5 + 0.8" 11.8 £ 04

LV end diastolic pressure (mmHg) 09 £05 1.2 £ 0.3 43 4+ 047 2.7 £ 0.5%

Stiffness constant 3 0.06 + 0.003 0.05 &+ 0.005 0.19 + 0.0077 0.10 £ 0.006*

Data are from 7 to 11 mice per group. Data expressed in mean == SEM

Angll angiotensin I, Sil sildenafil
* p < 0.05 versus Angll, i p < 0.05 versus control

apoptotic cells, Bax/Bcl-2 mRNA expression ratio and
RACKI protein expression when compared to the animal
group without treatment (Figs. 3, 4; p < 0.05). Sildenafil
alone did not show any effect on cardiac apoptosis.

Extracellular matrix alteration

Cardiac fibrosis as determined by collagen I, collagen III,
ADAMTS1, ADAMTS2, MMP13, TIMP1, MMP13/
TIMPI ratios, TGF-, a-SMA and MCP-1 gene and pro-
tein expression levels (Figs. 5-8). In detail, AngllI treat-
ment resulted in a 1.4-, 2.2-, 2.1-, 2.2-, 2.4-, 3.9- and
1.9-fold elevation of CollA2 (Fig. 6a), Col3A1 (Fig. 6b),
ADAMTSI1 (Fig. 6c), ADAMTS2 (Fig. 6d), MMPI13
(Fig. 5a), TIMP1 (Fig. 5b) and TGF-B (Fig. 8d) mRNA
and in a 1.6-, 1.7-, 32.4-and 21.4-fold elevation of collagen
I (Fig. 7a), collagen III (Fig. 7b), a-SMA (Fig. 7c) and
MCP-1 (Fig. 7d) protein expression, respectively. These
increased mRNA and protein expression levels were
reduced or improved when animals were treated with sil-
denafil (p < 0.05). In addition, sildenafil neutralized
MMPI13/TIMP1 mRNA and protein expression ratios
(Fig. 5c, d) when compared to the untreated animals
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(p < 0.05). Furthermore, sildenafil treatment alone led to
no changes in cardiac fibrosis and remodeling.

PKGla and PDESA expression in the myocardium

Three weeks after exogenous Angll infusion, PKGla and
PDESA mRNA and protein expression levels were mea-
sured in all experimental groups. Here, Angll-diseased
mice displayed reduced PKGloo mRNA and protein
expression levels (1.2-, 1.6-fold; p < 0.05). Moreover,
exogenous Angll infusion did lead to an increased PDE5SA
mRNA expression level. Interestingly, treatment with sil-
denafil significantly restores PKGlo and PDESA mRNA
and protein expression levels when compared to control
mice (Fig. 2d—f).

Cardiac hypertrophy

To investigate possible anti-hypertrophic effects of silde-
nafil, we examined cardiomyocyte diameter, ANP and
B-MHC mRNA expression levels in this setting. After
3 weeks of Angll treatment, cardiomyocyte diameter, ANP
and B-MHC mRNA expression levels were significantly
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Fig. 1 Fractalkine expression and cytokine activation. Relative

mRNA expression of CX3CR1, CX;CL1, TNF-a, IL-6, IL-18 and

NOS?2 of cardiac tissue 21 days after treatment. Data are from 7 to 11

mice/group; one data point per heart. Data expressed as mean =+ -
SEM. *p < 0.05. Angll angiotensin II, Sil sildenafil
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Fig. 2 Cardiac immune cell infiltration, RAGE, PDESA and PKGla
expression levels. Quantification of CD11b-positive and CD68-
positive cells per area (cells/mm?®), relative mRNA and protein
expression levels of RAGE, PDESA, PKGla per area (area fraction,

increased when compared to controls (8.4-, 5-, 4.2-fold,;
Fig. 8a—c). Surprisingly, treatment with sildenafil did
lead to a reduction of cardiomyocyte diameter, ANP and
B-MHC mRNA expression levels in the myocardium
(p < 0.05). Moreover, cardiac hypertrophy—indexed by
LV weight/body weight ratio—was elevated 3 weeks after
Angll-induced LV dysfunction. This was significantly
attenuated by treatment with sildenafil (—16 %; Table 1).

%) of cardiac tissue 21 days after treatment. Protein and cell
quantification was performed by digital image analyses. Data are
from 7 to 11 mice/group; one data point per heart. Data expressed as
mean £ SEM. *p < 0.05. Angll angiotensin II, Sil sildenafil

Animal study with hydralazine treatment for controlling
a possible blood pressure effect

Three weeks after exogenous Angll infusion, systolic
blood pressure and cardiac function were determined in all
experimental groups (Fig. 9a). Exogenous Angll infusion
over a period of 3 weeks led to significant increase in
systolic blood pressure (424 %). Treatment with
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WT+Sil

Fig. 3 Cardiac immune cell infiltration, apoptosis and RAGE
expression. Representative images and quantification of CDI11b-,
CD68-, TUNEL-positive cells per area (cellssmm?) and RAGE
protein expression per area (area fraction, %) of cardiac tissue
21 days after treatment. Specific epitopes of CDI11b-, CD6S-,

RAGE

RACKI1-, TUNEL- and RAGE-positive cells or protein expression
are colored red. Quantification was performed by digital image
analyses. Data are from 7 to 11 mice/group; one data point per heart.
Data expressed as mean &= SEM. *p < 0.05. AnglI angiotensin II, Sil
sildenafil. Scale bar 100 pm
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hydralazine led to a non-significant reduction in systolic

blood pressure (—8 %). This reduction in systolic blood
pressure was similar to the blood pressure lowering effects
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to sildenafil treatment (Table 1). Moreover, chronic infu-
sion of Angll resulted in impaired global cardiac dys-

function (dP/dty.. —48 %, E, +46 %, EF —35 %;
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p < 0.05) an increase in cardiomyocyte diameter (481 %).
Treatment with hydralazine did not improve cardiac dys-
function and did not reduce cardiomyocyte diameter in this
experimental setting (Fig. 9a).

Moreover, Angll infusion over a period of 3 weeks led
to a significant increase in protein expression levels of
collagen I (2.1-fold), collagen III (3.1-fold) and a-SMA
(33-fold) and to a significant reduction in MMP13/TIMP1
protein expression ratio (1.9-fold; Fig. 9b). Treatment with
hydralazine did not reduce collagen I, collagen III and
a-SMA protein expression levels. In addition, hydralazine

treatment did not enhance the MMP13/TIMP1 protein
expression ratio in this setting (Fig. 9b).

Angll induced an intensified cardiac immune response
and apoptosis, as indicated by increases in CD11b-positive
(3.8-fold), CD68-positive (4.6-fold), TUNEL-positive cells
(5.8-fold) and MCP-1 protein content (28-fold) in the
myocardium (Fig. 9c). Here as well, treatment with
hydralazine displayed no changes in cardiac immune cell
infiltration, MCP-1 protein expression and apoptosis,
indexed by the amount of TUNEL-positive cells, in this
experimental setting (Fig. 9c).
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Fig. 7. Car.diac remodeling. a Col1A2 b Col3A1
Quantification of collagen I, .
- . — -
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Discussion

To the best of our knowledge, this study demonstrates for
the first time the beneficial effects of PDE5SA inhibition
with sildenafil by improving LV dysfunction, inflammatory
stress response and cardiac remodeling in experimental
Angll-induced heart failure (HF) in vivo.

Chronic Angll infusion resulted in cardiac inflammation
and matrix remodeling. Consequently, systolic and dia-
stolic LV dysfunction was observed after Angll infusion.
We demonstrated that selective PDES5SA inhibition with

@ Springer

sildenafil led to a significant enhancement of cardiac
remodeling in Angll-induced HF. Treatment with sildenafil
reduced cardiac inflammation followed by an improved
remodeling process as well as cardiac apoptosis. Moreover,
sildenafil treatment led to a reduction of cardiac immune
cell infiltration in the myocardium, all resulting in
improved LV function despite AnglI infusion.

Fibrosis is one hallmark in the development of HF, also
seen in this Angll model. Cardiac remodeling and extra-
cellular matrix (ECM) dysregulation were indicated by
changes in cardiac hypertrophy and fibrosis induced by
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exogenous Angll infusion [22, 37]. Here, 3 weeks after
Angll infusion mice displayed a significant increase in
interstitial collagen I and collagen III, hallmarks of myo-
cardial fibrosis. Contrarily, after onset of the disease
PDESA inhibition with sildenafil normalized these values
to those of controls showing a treatment effect of this drug.
During connective tissue remodeling, fibroblasts get acti-
vated and can transform to a-SMA-expressing myofibro-
blasts [27, 39, 45]. These myofibroblasts produce newly
created ECM leading to accumulation of collagen in the
myocardium [49]. A pathological persistence of the myo-
fibroblast is a hallmark of pro-fibrotic diseases in other
organs as well as the heart [12, 23]. This is known to be an
important trigger for diastolic dysfunction and increased
LV stiffness. One of the most important findings with
respect to ECM regulation is the fact that sildenafil treat-
ment led to a significant reduction in the number of
o-SMA-myofibroblasts and to an improvement in the
MMP/TIMP regulation by normalizing MMP13 and
TIMP1 mRNA and protein expression levels and its ratio
resulting in improved collagen turnover by normalizing the
collagen derogatory capacity. Future studies have to reveal
whether these changes are directly PDE5SA-dependent or
whether this is due to limited inflammation in the diseased
heart, since inflammatory cells are known to trigger the
transdifferentiation into myofibroblasts and therefore fuel
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the profibrotic process. Moreover, we investigated the
pathophysiological role of ADAMTS1 and ADAMTS2,
metalloproteinases with thrombospondin motifs, during
adverse remodeling in this setting. In detail, the disintegrin-
like adhesion domain of these proteins interacts with
integrin-like receptors on cells to promote cell-matrix
attachment or disrupt interaction between integrin recep-
tors and the ECM. In recent studies, Kuno and colleagues
[21] demonstrated that ADAMTS1 was a catalytically
active metalloproteinase, which should theoretically result
in less collagen accumulation. In our study, we found that
ADAMTSI and ADAMTS?2 were only mildly increased in
cardiac tissue after Angll infusion, whereas treatment with
sildenafil led to a significantly increased expression of
these proteins. Reports from others showed that the
ADAMTSI deficient mice displayed interstitial fibrosis in
the cortical and medullary regions of the kidney [28]. In
light of those and our findings, we speculate that ADAM-
TS1 and ADAMTS2 probably play a role in counterbal-
ancing excessive cardiac fibrosis, which is supported by
in vitro findings [25], but this has to be further investigated
in the future.

Also, inflammation is important in the development of
HF and linked to poor outcome. Compared to untreated
animals mRNA expression levels of TNF-a, IL-6, IL-18
and NOS?2 of sildenafil-treated animals were significantly
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reduced 3 weeks after Angll infusion. Moreover, the
fractalkine CX3CL1 and its receptor CX3CR1 have been
identified to be a mediator in experimental and human HF
[16]. Interestingly, we observed also increased mRNA
expression levels of the fractalkine CX3CL1 and its
receptor CX3CR1 in Angll mice, whereas treatment with
sildenafil neutralized these expression levels to those of
controls. Furthermore, we investigated a significant
reduction in cardiac immune cell infiltration and cytokine
activation after sildenafil treatment. Interestingly, sildenafil
treatment displayed additional antiinflammatory and anti-
apoptotic effects with significantly reduced CD11b-posi-
tive and CD68-positive immune cell infiltration, MCP-1
and RAGE protein content and the number of TUNEL-
positive cells in the myocardium. In addition, treatment
with sildenafil improved cardiac apoptosis indexed by Bax/
Bcl-2 mRNA expression ratio and RACKI1 protein
expression. Recently, it was also shown that the activation
through RAGE critically contributes to the development of
post-ischemic cardiomyopathy driving the progressive
course of HF [42]. Moreover, Sakaguchi and colleagues
[33] were able to show a RAGE-S100-protein-induced
proliferation and migration of o-SMA-positive myofibro-
blasts and the consequent enhanced expression and acti-
vation of ECM proteins and metalloproteinases in their
model. Our results concerning MCP-1 expressions are in
line with other studies reporting that MCP-1 is consistently
upregulated in various HF models such as experimental
myocardial infarction [3, 5, 6] and may play an important
role in regulating leukocyte trafficking and cardiac tissue
repair [8]. In conclusion, while Angll infusion resulted in
an inflammatory phenotype of the heart, sildenafil could
neutralize this inflammatory setting resulting in improved
remodeling.

Cardiac hypertrophy is probably one of the most
important risk factors for HF [20]. In this study, Angll
resulted in cardiac hypertrophy indexed by an increase in
ANP, B-MHC, cardiomyocyte diameter and LV weight/
body weight ratio, whereas treatment with sildenafil leads
to normalization in all these parameters. These results
clearly indicate that sildenafil acts also anti-hypertrophic
during Angll-induced cardiac overload. In line with this,
recent work by Kass and colleagues [30, 36] demonstrated
that selective inhibition of PDESA with sildenafil markedly
prevented the LV hypertrophy and dysfunction induced by
severe chronic pressure overload secondary to transverse
aortic constriction in mice. Furthermore, PDESA inhibition
has also been reported to ameliorate LV hypertrophy pro-
duced by chronic isoproterenol infusion [13].

Small-molecule approaches that reverse cardiac hyper-
trophy to the extent here observed are rare, suggesting that
the underlying mechanisms linked to the modulation of
PDESA, cGMP and cGMP-dependent protein kinase
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(PKG)-1 documented in this and other studies are powerful
and are likely to interfere with several pathways [26]. The
simplicity of the orally available therapy and the wide
clinical knowledge and safety evidence of PDE5SA inhibi-
tors suggest that this may be an important therapeutic
approach for chronic HF and cardiac hypertrophy caused
by high blood pressure in humans [11, 15, 35].

PDESA inhibition regulated adverse LV remodeling,
inflammation and hypertrophy. Therefore, it resulted in less
systolic and diastolic cardiac dysfunction leading to
improved ejection fraction as well as cardiac output, both
also affecting afterload. Toischer et al. [40, 41] reported that
this hemodynamic load is a critical regulator of myocardial
function, gene expression, and phenotype appearance. In
order to verify that the observed cardiobeneficial effects of
sildenafil treatment are not secondary to the non-significant
blood pressure reduction seen in this study, we examined in
a sub-study the effects of the direct vasodilator hydralazine,
which acts through blood pressure reduction. Matched
blood pressure reduction by hydralazine did not affect LV
function, inflammation and remodeling in this experimental
setting compared to placebo-treated AnglI animals (Fig. 9).
Therefore, we conclude that sildenafil possesses the docu-
mented cardioprotective effects independent of blood
pressure reduction in this study.

In summary, the present study identifies the PDE5SA
inhibition with sildenafil as a promising strategy to
improve LV dysfunction and adverse remodeling in AnglI-
induced chronic HF. Further investigation is necessary to
prove that these cardiobeneficial effects seen after silde-
nafil treatment in hypertensive heart disease can be trans-
ferred to a clinical setting.
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