
ORIGINAL ARTICLE

Pressure-independent effects of pharmacological
stimulation of soluble guanylate cyclase on fibrosis
in pressure-overloaded rat heart

Hiroyuki Masuyama1, Toshihiro Tsuruda1, Yoko Sekita1, Kinta Hatakeyama2, Takuroh Imamura1, Johji Kato3,

Yujiro Asada2, Johannes-Peter Stasch4 and Kazuo Kitamura1

Cardiac fibrosis is a hallmark of cardiovascular remodeling associated with hypertension. The purpose of this study was to

explore the effect and mechanism of soluble guanylate cyclase (sGC) stimulator BAY 41–2272, leading to intracellular cyclic

guanosine monophosphate (cGMP) elevation, on the remodeling process induced by pressure overload. Seven-week-old male

Wistar rats with hypertension induced by suprarenal aortic constriction (AC) were treated orally with 2mg kg�1day�1 of BAY

41–2272 for 14 days. BAY 41–2272 had no effects on blood pressure, but decreased AC-induced collagen accumulation in the

left ventricle (LV), inhibiting the number of myofibroblasts and gene expressions of transforming growth factor-b1 and type 1

collagen. In addition, the antifibrotic action of BAY 41–2272 was accompanied by reducing AC-induced angiotensin-converting

enzyme (ACE) mRNA and its enzymatic activity, and angiotensin II concentration in LV. In cultured cardiac fibroblasts,

BAY 41–2272 inhibited ACE synthesis and myofibroblast transformation, accompanied by elevating the intracellular cGMP

concentration. These results suggest that sGC stimulator BAY 41–2272 might be effective to reduce fibrosis in hypertensive

heart disease by attenuating angiotensin II generation through myofibroblast transformation.
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INTRODUCTION

Extracellular matrix mainly produced by fibroblasts is essential for

organizing an elastic network of cardiocytes in the myocardium, while

the structural and functional alteration of these cell types is important

in the pathogenesis of hypertensive heart disease, characterized by the

left ventricular (LV) hypertrophy and fibrosis.1–3 As excessive myo-

cardial fibrosis is assumed to be a critical determinant of the

deterioration of LV function4,5 and the cause of arrhythmias,6 regulat-

ing the proliferation and activation of fibroblasts would be an

important therapeutic target in the disorder. The renin–angiotensin

II (Ang II) system (RAS) is recognized to stimulate fibrosis,7 whereas

the inhibition of either angiotensin-converting enzyme (ACE) or Ang

II type 1 receptor has been shown to regress myocardial fibrosis in

patients with hypertensive heart disease.5,8

Guanylate cyclase is an enzyme that converts guanosine tripho-

sphate to cyclic guanosine monophosphate (cGMP). Both types of

guanylate cyclase, particulate guanylate cyclase stimulated by atrial and

brain natriuretic peptides,9–13 and soluble guanylate cyclase (sGC)

activated by nitric oxide,9,14 are reported to attenuate cardiovascular

remodeling by elevating intracellular cGMP levels. In an effort to

develop agents activating sGC, BAY 41–2272 was identified as an

orally active nitric oxide-independent stimulator of the sGC a1-

subunit.15 We and others have shown the beneficial effects of this

compound not only on hemodynamics, but also on cardiovascular

remodeling.15–18 As sGC/cGMP activation has been shown to interfere

with RAS,19,20 we tested the hypothesis that the direct stimulation of

sGC with BAY 41–2272 could attenuate myocardial fibrosis by

inhibiting RAS activation. In this study, we used rats with

pressure overload induced by suprarenal aortic constriction (AC), a

model of hypertensive heart disease accompanied by fibroblast and

RAS activation.21

METHODS
This study was performed in accordance with the Animal Welfare Act and

approval from the University of Miyazaki Institutional Animal Care and Use

Committee (2006-014). This investigation also conformed to the Guide for the

Care and Use of Laboratory Animals published by the US National Institutes of

Health (NIH Publication No. 85-23, revised 1996).
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Animal experiment
Seven-week-old male Wistar rats (Charles River, Yokohama, Japan), weighing

200–250g, were housed in a temperature and light-controlled room (25±1 1C;

12/12-h light/dark cycle) for 1 week before use, with free access to normal rat

chow and water. The rats were divided into three groups: control group (n¼11)

and two pressure-overloaded groups with (n¼21) or without (n¼15) BAY 41–

2272 treatment. Pressure overload was induced by abdominal AC at the

suprarenal level, as described earlier.22 In brief, a 22-gauge needle was placed

adjacent to the abdominal aorta proximal to the renal artery, and ligated tightly

around the aorta and the adjacent needle. The needle was then removed, leaving

the vessel constricted to the diameter of the needle. The control group underwent

identical surgical procedures but without constriction of the aorta. BAY 41–2272

compound, supplied by Bayer HealthCare (Wuppertal, Germany), was given by

gastric gavage at a sub-depressor dose of 2mgkg�1 twice a day for 14 days. The

dose of BAY 41–2272 was chosen according to our earlier study.18 The Datascience

telemetric system (St Paul, MN, USA) was used to monitor the blood pressure of

four unrestricted, conscious rats in each study group, as described earlier.23 After

banding the abdominal aorta, the transmitter catheter (model TA11PA-C40) was

inserted into the descending aorta through the left carotid artery, and then the

transmitter was implanted in the peritoneal cavity. After surgery, each rat was kept

in an individual cage placed on a telemetric receiver pad. Blood pressure and heart

rate data were collected for 10 s every 15min and daily averages were calculated.

At day 14, rats were anesthetized with pentobarbital sodium and killed by drawing

blood from the thoracic aorta. After the whole heart was weighed, LV was

frozen in liquid nitrogen or fixed in 4% paraformaldehyde and embedded in

paraffin wax.

Immunohistochemistry and histological analysis
Immunohistochemical staining for a-smooth muscle actin (a-SMA) and ACE

were performed as described earlier.18,24 Slides were stained with mouse anti-a-

SMAmonoclonal antibody (1:200, Clone 1A4, DakoCytomation, Carpinteria, CA,

USA) or rabbit polyclonal antibody against ACE (1:100, Santa Cruz Biotechno-

logy, Santa Cruz, CA, USA) overnight at 4 1C. After the overnight reaction with

antibodies, slide sections were incubated with EnVision+ (Dako) for 30min,

visualized with 0.05% 3,3-diaminobenzidine containing hydrogen peroxide, and

counterstained with hematoxylin. Myofibroblasts positive for a-SMA were

counted at �200 magnification. To detect collagen fibers, slides were incubated

with 0.1% picrosirius red (Direct Red 80, Sigma, St Louis, MO, USA) dissolved in

saturated picric acid for 10min, as described earlier.18 To measure cardiocyte size,

cross-sectional areas ofX50 myocardial fibers were measured at the level of nuclei

while omitting longitudinally or obliquely sectioned cells as described earlier.18

Magnitudes of perivascular fibrosis or collagen volume fraction in the interstitial

space of myocardial fibers were also determined as described earlier.18

Gene expression
Gene expressions of transforming growth factor (TGF)-b1, type 1 collagen and

ACE in the LV were measured by real-time quantitative reverse transcription-

PCR (ABI Prism 7700 Sequence Detector, Applied Biosystems, Foster City, CA,

USA).18,24 Total RNA Isolation Reagent (Invitrogen, Carlsbad, CA, USA) was

used to extract 1mg of total RNA, which then underwent reverse transcription

by means of SuperScript reverse transcriptase (Invitrogen) into cDNA. cDNA

was then amplified with oligonucleotide forward and reverse primers and with

probes labeled with 6-carboxy-fluorescencein as reporter fluorescence and 6-

carboxy-tetramethyl-rhodamine as quencher fluorescence. The oligonucleotide

sequences are detailed in earlier reports.18,24,25 The PCR products were of the

expected molecular sizes and the gene expression levels were standardized to

those of 18S rRNA.

Cell culture
Cardiac fibroblasts were isolated from 1- to 3-day-old neonatal Wistar rats as

described earlier.18 The cells were grown on culture plates with Dulbecco’s

modified Eagle’s medium containing 10% fetal bovine serum, 10mgml�1
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insulin, 5mgml�1 transferrin and 7ngml�1 sodium selenite at 37 1C in a 95%

air/5% CO2 humidified atmosphere. After achieving confluence, they were

further incubated in serum-free Dulbecco’s modified Eagle’s medium contain-

ing the same additives for 48h. The cells were then cultured with BAY 41–2272

(10�6 and 10�5mol l�1) or non-hydrolysable cGMP analog 8-bromo cGMP

(10�4 and 10�3mol l�1) (Calbiochem, San Diego, CA, USA) dissolved in

dimethyl sulfoxide for a further 24 h. The same volume of dimethyl sulfoxide

was added to the control culture medium, and the final concentration of

dimethyl sulfoxide did not exceed 0.1% in the culture medium. Thereafter, the

cells were collected, and total protein was extracted for western blot as

described earlier.24 In addition, they were extracted to measure ACE activity

as described below. The extracted proteins were stored at �80 1C until use.
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expressions for transforming growth factor-b1 (j) and type 1 collagen (k). Values are shown as the means±s.e.m. of 9–19 samples in the respective group.
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Cardiac myocytes were also isolated from 1- to 3-day-old neonatal Wistar rats

as described earlier.26 After culturing the cells under the serum-free Dulbecco’s

modified Eagle’s medium containing 10mgml�1 insulin, 5mgml�1 transferrin

and 7ngml�1 sodium selenite for 48h, BAY 41–2272 (10�6 and 10�5mol l�1)

was then added to the medium to examine the intracellular cGMP elevation.

Western blot
Denatured total protein obtained from cultured cardiac fibroblasts was sub-

jected to SDS-polyacrylamide gel as described earlier.12 In brief, the separated

proteins electrically transferred onto polyvinylidine difluoride membranes were

incubated with 5% skim milk. Polyvinylidine difluoride membranes were then

incubated with monoclonal antibody against the a-SMA (1:2000, DakoCyto-

mation) or with polyclonal antibody against the ACE (1:1000, Santa Cruz

Biotechnology), followed by incubation with horseradish peroxidase-coupled

second antibody. Immunoreactive bands were visualized by the ECL Plus

detection kit (GE Healthcare, Buckinghamshire, UK) and band intensities were

analyzed densitometrically (Chemi Doc Documentation System, Bio-Rad, Her-

cules, CA, USA). Coomassie blue staining was used as a protein-loading control.

Radioimmunoassay
Angiotensin II concentration in the LV was measured by radioimmunoassay,

following extraction with a Sep-Pak C18 cartridge (Waters Corporation,

Milford, MA, USA), as described earlier.18,27 Cultured cardiac fibroblasts and

myocytes treated with or without BAY 41–2272 for 10min were immediately

collected, and the cGMP content was determined using a radioimmunoassay

kit (YAMASA Cyclic GMP Assay Kit, Choshi, Japan).18

ACE activity
The LV tissues in the respective groups were homogenized in phosphate-

buffered saline. Cultured cardiac fibroblasts treated with or without BAY 41–

2272 or 8-bromo cGMP for 24h were collected in 1.8% Triton-X containing

phosphate-buffered saline, and were lysed by freezing-thawing three times every

10min. The homogenized LV tissues or cell lysates were centrifuged at 10 000 g

for 10min, 4 1C ACE activity in the supernatants was measured with a

commercially available kit (ACE Color, Fujirebio Inc. Tokyo, Japan).

Protein concentration
Protein concentrations of LV tissues and cultured cells were determined with

BCA Protein Assay Reagent (Pierce, Rockland, IL, USA), following the

manufacturer’s instructions.

Statistical analysis
All data were analyzed with SPSS software version 11.0 (SPSS Inc., Chicago, IL,

USA). Values are expressed as the means±s.e.m. Differences between two

groups were analyzed by Student’s t-test, and differences between three groups
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were assessed using one-way analysis of variance followed by Scheffé’s test, and

statistical significance was accepted at Po0.05. In western blot analysis,

standard curves were made by serial dilution of samples, and bands on gels

were quantified based on the optical density.

RESULTS

Hemodynamics, heart weight and cardiocyte size

Figures 1a–c show the blood pressure and heart rate in the controls

and AC rats with or without BAY 41–2272 treatment. AC progressively

raised systolic and diastolic blood pressure levels; however, BAY 41–

2272 had no effect on the AC-induced elevation of blood

pressure. Heart rate was unchanged in the respective groups. As

shown in Figures 1d and e, AC significantly (Po0.01) increased the

ratio of heart weight to body weight (HW/BW) and the cross-

sectional area of myocardial fibers, compared with the controls;

however, BAY 41–2272 did not affect the AC-induced increase in

HW/BW and cardiocyte size.

Myofibroblasts and collagen deposition

Figures 2a–c show that AC increased the number of myofibroblasts

and collagen depositions in the perivascular and the interstitial areas

of LV, but BAY 41–2272 administration significantly (Po0.05)

decreased them by 88, 30 and 46%, respectively. Representative

collagen deposition in the respective groups are shown in Figures

2d–i. As shown in Figures 2j and k, BAY 41–2272 administration

significantly (Po0.05) attenuated the AC-induced elevation of gene

expressions of TGF-b1 and type 1 collagen.

Ang II synthesis

Figure 3a and b show that AC significantly (Po0.01) increased the

gene expression and activity of ACE in LV, but BAY 41–2272

significantly (Po0.01) reduced them by 47 and 64%, respectively.

Figure 3c shows that BAY 41–2272 administration significantly

(Po0.01) attenuated the AC-induced increase of Ang II concentration

in LV by 36%. As shown in Figures 3d–i, ACE immunoreactivity
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increased to localize in the perivascular and interstitial fibroblasts of

AC rats, while it was decreased by treatment.

ACE and a-SMA in cultured cardiac fibroblasts

Figure 4a shows that the protein expressions of ACE and a-SMAwere

significantly decreased by 10�6 and 10�5mol l�1 BAY41–2272 in

cultured cardiac fibroblasts. In addition, a cGMP analog, 8-bromo

cGMP (10�4 and 10�3mol l�1) significantly reduced these protein

expressions in the cells (Figure 4b). Furthermore, ACE activity was

significantly (Po0.05) decreased by 10�5mol l�1 BAY 41–2272

(Figure 4c).

cGMP level in cultured cardiac fibroblasts and myocytes

As shown in Figure 5a, the intracellular cGMP level was significantly

(Po0.01) elevated by 10�5 and 10�6mol l�1 BAY 41–2272 in cultured

cardiac fibroblasts. On the other hand, the change of cGMP level in

response to BAY 41–2272 (10�5 and 10�6mol l�1) was minimal in

cultured cardiac myocytes (Figure 5b).

DISCUSSION

This study shows the beneficial action of sGC stimulator BAY 41–2272

on attenuating fibrosis in a hypertrophied heart induced by pressure

overload, independently of blood pressure. In addition, the inhibition

of myofibroblast transformation and RAS activation appear be

involved in this mechanism.

We have earlier reported that the depressor dose of sGC stimulation

with BAY 41–2272 was effective to decrease cardiocyte hypertrophy

and fibrosis, but the sub-depressor dose exhibited to decrease fibrosis

without reducing cardiocyte hypertrophy in the Ang II-induced

hypertensive model.18 This study was consistent to show that the

sub-depressor dose of this compound decreased the fibrosis without

altering cardiocyte hypertrophy defined by HW/BW and cross-

sectional area of myocardial fiber in the model of pressure overload.

Although precise mechanisms by which the sub-depressor dose of sGC

stimulation facilitates to decrease fibrosis remain to be elucidated, we

might speculate the discrepancy between fibrosis and heart weight in

response to the sGC stimulation by the following two reasons: (1)

mechanical load is a major contributor to cardiocyte hypertrophy,7

and therefore the sub-depressor dose BAY 41–2272 was insufficient to

influence the cardiocyte hypertrophy induced by pressure-overload;

(2) in vitro experiment suggests that cardiac fibroblasts appear to be

more feasible to exert cGMP elevation than cardiac myocytes by the

compound. Using a sub-depressor dose of BAY 41–2272, the attenua-

tion of fibrosis by this compound was associated with the reduction of

TGF-b1 and type 1 collagen expressions. TGF-b1 is reported to be an

important trigger to exert the phenotypic change of fibroblasts to

myofibroblasts, a central player in exaggerating the production of

extracellular matrix proteins, including type 1 collagen and fibronec-

tion.28 On the other hand, sGC stimulation has been shown to

attenuate/prevent fibrosis in various organs, such as the lungs, liver

and kidneys;20,29–31 therefore, we examined whether this compound

would decrease fibrosis by inhibiting the phenotypic change in

fibroblasts. In line with our hypothesis, this study suggests the

counter-regulatory action of BAY 41–2272 on the fibrotic process by

inhibiting TGF-b1 gene expression, concomitant with attenuating

myofibroblast transformation in the pressure-overloaded heart. The

model of pressure overload induced by constricting the suprarenal

abdominal aorta has been reported to exhibit the substantial RAS

activation in the heart, while the circulating RAS was less

affected,21,22,32,33 suggesting that Ang II generation in the LV is likely

to be associated with the progression of fibrosis. It is noted that BAY

41–2272 administration to AC rats has been shown to lower ACE gene

expression and its activity, a main enzyme for Ang II generation in

rats.34,35 Accordingly, this compound decreased the AC-induced

increase of Ang II concentration in the LV. Consistent with earlier

reports,34,35 ACE immunoreactivity showed increased distribution in

the perivascular and interstitial fibroblasts of pressure-overloaded LV,

whereas the distribution was diminished by BAY 41–2272 treatment.

Various stimuli have been shown to stimulate ACE synthesis in the

cardiovascular system,36,37 in which activity was increased during

myofibroblast transformation in cultured cardiac fibroblasts.38 There-

fore, we further tested whether BAY 41–2272 could affect ACE

synthesis directly, and if so, whether it is associated with phenotypic

change in cultured cardiac fibroblasts. Isolated fibroblasts have been

shown to express a-SMA, indicating myofibroblasts. As shown, BAY

41–2272 decreased the protein expressions of ACE and a-SMA in

these cells, accompanied by intracellular cGMP elevation. In addition,

8-bromo cGMP, an analog of cGMP, mimicked the effect of

BAY 41–2272, inhibiting these expressions. More importantly,

BAY 41–2272 has been shown to decrease ACE activity in these

cells. These results support our in vivo observations, which sGC

stimulation with BAY 41–2272 could inhibit ACE synthesis and

activity, accompanied by regulating the fibroblast phenotype. We

have earlier reported that BAY 41–2272 was capable of inhibiting

cardiac fibroblast proliferation under Ang II stimulation.18 Taken

together, we propose that pharmacological intervention with the orally
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Figure 5 (a and b) Effect of BAY 41–2272 on the intracellular cGMP level

in cultured cardiac fibroblasts (a) and cardiac myocytes (b). Values are

shown as the means±s.e.m. of 4 (a) and 8 (b) samples examined.

**Po0.01, compared with control cells without BAY 41–2272, ##Po0.01,

compared with 10�6mol l�1 BAY 41–2272.

Soluble guanylate cyclase and cardiac fibrosis
H Masuyama et al

602

Hypertension Research



effective sGC stimulator BAY 41–2272 points to an antifibrotic action,

in which the inhibition of myofibroblasts transformation and Ang II

synthesis might induce specific benefits against the development of

hypertensive heart disease.

In summary, sGC stimulation with BAY 41–2272 attenuated cardiac

fibrosis independently of blood pressure, and the inhibition of

myofibroblast transformation and Ang II synthesis appear to be the

potential mechanisms involved. Thus, our present study supports

the sGC-cGMP-dependent beneficial action against adverse cardio-

vascular remodeling associated with hypertension. Further studies are

warranted to clarify the long-term benefit and safety of this compound

for future’s clinical practice.
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