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Abstract

The physiological mechanisms involved in isoproterenol (ISO)-induced chronic heart failure (CHF) are not fully understood. In this
study, we investigated local changes in cardiac aldosterone and its synthase in rats with ISO-induced CHF, and evaluated the effects
of treatment with recombinant human brain natriuretic peptide (hBNP). Sprague-Dawley rats were divided into 4 different groups.
Fifty rats received subcutaneous ISO injections to induce CHF and the control group (n=10) received equal volumes of saline. After
establishing the rat model, 9 CHF rats received no further treatment, rats in the low-dose group (n=28) received 22.5 ug/kg rhBNP
and those in the high-dose group (n=8) received 45 pg/kg rhBNP daily for 1 month. Cardiac function was assessed by
echocardiographic and hemodynamic analysis. Collagen volume fraction (CVF) was determined. Plasma and myocardial
aldosterone concentrations were determined using radioimmunoassay. Myocardial aldosterone synthase (CYP11B2) was detected
by quantitative real-time PCR. Cardiac function was significantly lower in the CHF group than in the control group (P<<0.01), whereas
CVF, plasma and myocardial aldosterone, and CYP11B2 transcription were significantly higher than in the control group (P<0.05).
Low and high doses of rhBNP significantly improved hemodynamics (P<<0.01) and cardiac function (P<<0.05) and reduced CVF,
plasma and myocardial aldosterone, and CYP11B2 transcription (P<0.05). There were no significant differences between the rhBNP
dose groups (P>0.05). Elevated cardiac aldosterone and upregulation of aldosterone synthase expression were detected in rats with
ISO-induced CHF. Administration of rhBNP improved hemodynamics and ventricular remodeling and reduced myocardial fibrosis,
possibly by downregulating CYP11B2 transcription and reducing myocardial aldosterone synthesis.
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Introduction

Chronic heart failure (CHF) represents the most
serious stage of many cardiovascular diseases, and it
carries a poor prognosis. Ventricular remodeling plays a
role in both the occurrence and development of heart
failure. Heart failure is accompanied by significantly
increased aldosterone levels in the circulation and locally
within the myocardium. This results, directly or indirectly,
in the formation of fibrosis and progression of heart failure
(1). Aldosterone inhibitors have been shown to improve
left ventricular remodeling in heart failure (2).

Aldosterone synthase (CYP11B2) is a key enzyme
involved in aldosterone synthesis. A significant elevation in
CYPB112 expression has been observed in myocardial
tissue in patients with heart failure (3). It has also been
demonstrated that the aldosterone synthase inhibitor
FAD286 improves left ventricular hemodynamics, remodel-
ing, and cardiac function after myocardial infarction (Ml)
induced by coronary artery ligation in a rat model of CHF.
FAD286 has also been shown to normalize the left ven-
tricular redox status more effectively than spironolactone (4).
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Aldosterone synthase inhibitors have become a new
option for the treatment of hypertension, heart failure, and
renal disorders, as they are able to decrease aldosterone
concentrations in plasma and target organs (5). Investi-
gating the changes in aldosterone synthase that accompany
CHF is, therefore, an important step to better understanding
the mechanism of action of these agents.

CHF induced by isoproterenol (ISO) has been shown
to be an ideal animal model of heart failure, which reflects
the changes in myocardial cells caused by necrosis in
the absence of coronary narrowing or obstruction (6).
However, the changes in cardiac aldosterone synthase in
this animal model remain unexplored.

Recombinant human brain natriuretic peptide (rhBNP)
has a wide range of biological activity. The study of acute
clinical effectiveness of nesiritide in a decompensated
heart failure (ASCEND-HF) trial showed that short-term
treatment with nesiritide improved acute decompensated
heart failure. However, no significant prognostic differ-
ences could be demonstrated between the nesiritide and
placebo groups (7).

A preliminary study in cultured neonatal rat cardio-
cytes suggests that BNP inhibits CYP11B2 mRNA
expression, reduces local cardiac aldosterone synthesis,
and suppresses the local cardiac renin-angiotensin-
aldosterone system, thereby protecting against cardiac
fibrosis (8). However, rhBNP is used primarily for short-
term treatment of acute heart failure, and its long-term use
in CHF has not been reported.

Based on these findings, it is possible that the
transcription level of myocardial aldosterone synthase
would be upregulated in rats with 1ISO-induced CHF and
that long-term treatment with rhnBNP may improve cardiac
function and reduce myocardial fibrosis. The proposed
mechanism would involve reduced expression of local
myocardial aldosterone synthase in the left ventricle.

We, therefore, assessed the effect of long-term
treatment with rhBNP in a rat model of CHF induced by
ISO, by evaluating changes in cardiac function, myocar-
dial fibrosis, and levels of left ventricular local myocardial
aldosterone and its synthase.

Material and Methods

Experimental animals

Male Sprague-Dawley rats (6-8 weeks old, 200-250 g)
were purchased from the Shanghai Laboratory Animal
Center, Chinese Academy of Sciences (China; license
#SCXK (Hu) 2003-0003). The rats were housed in a
24 +1°C temperature-controlled room with alternating
12:12-h light-dark cycles and were allowed free access
to food and water. Rats were raised by designated
persons in clean-grade animal houses. Food and bedding
were subjected to high-pressure sterilization. All animal
experimental procedures were conducted in accordance
with the Regulations for the Administration of Affairs
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Concerning Experimental Animals and the Guidelines
of the Regulations for the Administration of Affairs
Concerning Experimental Animals in Fujian Province.

CHF model

The model of ISO-induced CHF was produced as
described previously (6,9). Briefly, rats were injected
subcutaneously with ISO (Jiahe Pharmaceutical Co., Ltd.,
China, batch No. H31021344) for 15 days at 8:00 am.
Doses of 30, 20, and 10 mg/kg were given on days 1, 2,
and 3, respectively, followed by 5 mg/kg on days 4 to 15.
Rats were raised for an additional 1 month after the 15-day
injections, and then transthoracic echocardiography was
performed in all survivors. Those with ejection fraction (EF)
less than 45% were assigned to the CHF group (6). The
rats in the control group received equal volumes of normal
saline on days 1 to 15.

Surviving rats with CHF were randomly assigned to the
CHF and treatment groups. Based on previous findings
(10), the treatment group was further randomly divided into
a low-dose group that received rhBNP (Tibetan
Pharmaceutical Co., Ltd., China, batch No. S20050033)
at a daily dose of 22.5 ug/kg, and a high-dose group that
received rhBNP at a daily dose of 45 nug/kg. Rats were
injected subcutaneously with rhBNP dissolved in normal
saline twice daily at 8:00 am and 5:00 pm. The experiment
was terminated after injections for 1 month. Rats in the
control and CHF groups were given equal volumes of
normal saline for 1 month.

Echocardiography

After 1 month, the rats were weighed and anesthe-
tized with intraperitoneal 75 mg/kg ketamine and 5 mg/kg
diazepam. Two-dimensional M-mode transthoracic echo-
cardiographic studies were performed using a Vivid 7
ultrasound system (GE Medical Systems, USA) with an 8-
MHz probe. The left ventricular internal diastolic diameter
(LVIDA), left ventricular internal systolic diameter (LVIDs),
and EF were measured in a horizontal section of the left
ventricular short axis of the chordae tendineae.

Hemodynamic measurements

Rats were weighed and anesthetized as described
earlier. The left ventricle was cannulated through the right
common carotid artery. The following parameters were
measured using a multichannel physiological recorder
(Chengdu Taimeng Instrument Plant, China) with a pressure
transducer: heart rate (HR), left ventricular systolic pressure
(LVSP), left ventricular end-diastolic pressure (LVEDP), and
the maximal rate of rise and fall of left ventricular pressure
(dp/dtmax and dp/dtmin).

Sample collection and pathological analysis

After completion of the hemodynamic measurements,
2 mL blood was drawn from the inferior vena cava for
measurement of plasma aldosterone. The rats were then
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killed by injection of 2 to 3 mL 10% potassium chloride
administered through the carotid artery, in order to stop
the heart in diastole. The heart was quickly removed via
thoracotomy. The hearts were successively cut into 4
sections vertical to the long axis of left ventricle from the
apex of heart. Heart tissue from near the base was rapidly
frozen in liquid nitrogen for fluorescent quantitative real-
time polymerase chain reaction (QPCR) analysis and local
myocardial aldosterone measurement. The other three
parts were fixed with and stored in 10% formaldehyde in
phosphate-buffered saline (PBS). The heart tissues were
embedded in paraffin, cut into 5-um serial sections, and
stained with picric acid-Sirius red.

Determination of aldosterone concentrations in
plasma and myocardial tissues

The 2-mL blood samples collected prior to killing were
transferred into a dried anticoagulant-containing EDTA
solution and centrifuged at 1730 g for 15 min at 4°C. The
plasma was separated and stored at —20°C for subse-
quent analysis.

Myocardial tissues (about 50 mg) were weighed and
homogenized in 0.5 mL PBS on ice. Tissue homogenates
for analysis were obtained after full homogenization and
centrifugation at 1730 g for 15 min at 4°C. Aldosterone
concentrations in the supernatant liquid of plasma and
myocardial tissues were determined by radioimmunoas-
say (9) (Beckman Coulter Co., USA). The experiments
were performed in a GC-1500r radioimmunoassay coun-
ter (Anhui Ustc Zonkia Scientific Equipment Company,
China), following the manufacturer’s instructions.

Picric acid-Sirius red staining. Paraffin-embedded
heart sections were dewaxed. The sections were washed
with 70% alcohol for 2 min and were then washed in
distilled water 3 times, prior to being stained in picric acid-
Sirius red (Guangdong Taishan Petrochemical Plant,
China) for 30 min.

The slides were rinsed twice in absolute ethanol to
remove excess dye, and were cleared in xylene. After they
were air-dried, the slides were fixed and enveloped with
neutral balata (Sinopharm Chemical Reagent Co., Ltd.,
China). Myocardial cells stained yellow and collagen
stained red by picric acid-Sirius red (11). Collagen volume
fraction (CVF) was determined using the image analysis
software (Image-Pro Plus, version 4.5, Media Cybernetics,
Inc., USA). CVF was calculated as the percentage of the
area of stained collagen relative to the total area of the field
of vision.

Three sections at the levels of apex, papillary muscle,
and mitral valve were collected and used for staining. Ten
high-magnification fields were randomly selected from
each section, and the mean was calculated (12).

Quantitative real-time PCR (qPCR)

Total RNA was extracted using TRIzol reagent (Gibco/
BRL, USA). Tissues stored in liquid nitrogen (about
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100 mg) were ground to powder in liquid nitrogen using
a mortar prechilled in liquid nitrogen. After the liquid
nitrogen had evaporated completely, the powder was
transferred into a 15-mL centrifuge tube and homoge-
nized for 5 min at high speed in the presence of 8 mL of
TRIzol reagent containing a cell lysis agent, RNase
inhibitor, and an ion protective agent. After the solution
was left to stand for 30 min at room temperature, 1.6 mL
of chloroform was added. The reaction mixture was stirred
rapidly for 15s and left to stand for 5 min at room
temperature.

Phase separation was performed by centrifugation at
12,000 gfor 15 min at4°C. The supernatant was collected,
transferred into another clean centrifuge tube containing
4.0 mL isopropanol, and mixed gently by inverting 5 times.
Centrifugation at 12,000 g for 10 min at 4°C was
performed after the solution had been left to stand for
10 min at room temperature.

After the supernatant was removed, the RNA pellet
was washed with 3 mL 75% ethanol and centrifuged at
10,000 g for 10 min. The supernatant was again removed,
and the pellet was partly air-dried, with the tube inverted to
complete the drying process. The pellet was then dissolved
in 200 uL diethypyrocarbonate-treated water and trans-
ferred to a 1.5 mL Eppendrof tube. The ratio of OD260/
0OD280 was measured. RNA was identified by electropho-
resis and stored at —=80°C.

Reverse transcription

Reverse transcription was performed using a Reverse
Transcription System Kit (Promega, USA) according to the
manufacturer’s instructions. Briefly, 2 uL of random prim-
ers (50 mmol/uL) and 4 ug of total RNA were added to
32 uL ddH,O. The mixture was denatured at 70°C for
5 min and cooled onice. Then, 10 uL of 5 x M-MLV buffer,
2.5 uL dNTP (2.5 mM), 2.5 uL M-MLV (Promega, 200 U/
pL), and 1.5 uL RNase inhibitor (40 U/uL; TaKaRa Dalian
Biotechnology Co., Ltd., China) were added to the reaction
tube. The tube was incubated for 2 h at 37°C and frozen at
—20°C until further use.

Quantitative real-time PCR (qPCR)

The primers were designed and synthesized by
TaKaRa (TaKaRa Dalian Biotechnology Co., Ltd.).
Primers used for qPCR were as follows: forward
CYP11B2: TTGCTAAGGACTGGGTGGTTGT; reverse
CYP11B2: AACTTTTCGCCCTACCGACTTG; forward
GAPDH: TCCTGCACCACCAACTGCTTAG; reverse
GAPDH: AGTGGCAGTGATGGCATGGACT.

gPCR was performed in a total volume of 25 L,
containing 2.0 uL cDNA, 0.5 pL of each primer (10 uM),
0.5 pL ROX reference dye (TaKaRa Dalian Biotechnology
Co., Ltd.), 12.5 uL SYBR Premix Ex Taq (TaKaRa Dalian
Biotechnology Co., Ltd.), and deionized water. The
reaction conditions were 95°C for 10 min, followed by
45 cycles of 94°C for 15 s, and 60°C for 1 min.
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Table 1. Comparison of the echocardiographic parameters.
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Group n LVIDd (mm) LVIDs (mm) EF (%)
Control 10 566 + 0.18 3.06 + 0.51 79.38 + 4.57
CHF 9 7.35 + 0.70* 584 + 0.21* 38.75 + 4.04*
Low-dose rhBNP 8 6.86 + 0.39* 4.61 + 0.29* 53.25 + 4.58*+F
High-dose rhBNP 8 6.75 + 0.46* 450 + 0.35* 53.75 + 4.56*F

Data are reported as means £+ SD. LVIDd: left ventricular internal diastolic diameter; LVIDs: left ventricular internal systolic diameter;
EF: ejection fraction; CHF: chronic heart failure; rhBNP: recombinant human brain natriuretic peptide. * P<0.01, CHF group compared
to control group. *P<0.05, **P<0.01, rhBNP groups compared to CHF group (t-test).

Baseline fluorescence was defined as the level of
fluorescence measured before cycle 15. The threshold
level was set at 10 times the standard deviation (SD) of
baseline fluorescence measured during gPCR cycles 6 to
10. The parameter threshold cycle (Ct) was defined as the
cycle number at which the fluorescence passed the fixed
threshold, normalized to GAPDH.

All samples were analyzed in triplicate, and the mean
Ct value was determined. GAPDH served as an endog-
enous internal reference. ACt was calculated by subtract-
ing the average Ct of the target gene from the average Ct
of GAPDH. The mean relative expression of each target
gene was expressed as 22, and a high value of 2°4¢
was correlated to the increase in expression of target
genes.

Statistical analysis

Statistical analyses were performed using the SPSS
version 13.0 statistical software (SPSS Inc., USA), and
data are reported as means+SD. One-way analysis of
variance and the Student-Neuman-Kuels-q or Dunnett
t-tests were used to compare the differences between

groups. P<0.05 was considered to be statistically
significant.

Results

Survival

Sixty rats were used for the experiment. Ten rats were
randomly assigned to the control group (no deaths were
observed during the experiment). The other 50 rats were
injected subcutaneously with 1SO, and 30 rats (60%)
survived for 15 days. The 30 survivors were raised for a
further 30 days, and five deaths occurred. After modeling,
25 rats survived, with an overall survival rate of 50%. All
survivors were randomly assigned to the CHF group
(n=9), low-dose rhBNP group (n=8), and high-dose
rhBNP group (n=8). During the treatment period, no
deaths occurred in any of the groups.

Echocardiography

Echocardiograph parameters are reported in Table 1
and Figure 1. LVIDd and LVIDs were significantly higher
in the rats in the CHF group than in the control group

Figure 1. Echocardiography findings (M-mode,
horizontal section of LV short axis). A, Control
group; B, CHF group; C, low-dose rhBNP group;

D, high-dose rhBNP group. CHF: chronic heart
failure; rhBNP: recombinant human brain
natriuretic peptide.
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Table 2. Comparison of the hemodynamic variables.

X.Q. Zhu et al.

Group n HR (bpm) LVEDP LVSP (mmHg) dp/dtmax (mmHg/s) dp/dtmin (mmHg/s)
(mmHg)

Control 10 360 + 17 3.58 + 1.21 112.10 + 7.42 10199.53 + 462.87 9056.54 + 985.24

CHF 9 375 + 22 8.46 + 1.29* 94.30 + 5.61* 7164.39 + 502.58* 5646.23 + 590.52*

Low-dose rhBNP 8 367 + 14 7.27 + 1.06% 101.49 + 8.34 7970.59 + 757.99% 6814.89 + 362.81*

High-dose rhBNP 8 377 +£ 20 7.14 £ 1.05% 103.05 + 5.48%  8394.08 + 660.25*"  6958.74 + 238.57*"

Data are reported as means+SD. HR: heart rate; LVSP: left ventricular systolic pressure; LVEDP: left ventricular end-diastolic
pressure; dp/dtmax: maximal rate of rise of left ventricular pressure; dp/dtmin: maximal rate of fall of left ventricular pressure; CHF:
chronic heart failure; rhBNP: recombinant human brain natriuretic peptide. * P<0.01, CHF group compared to control group; *P<0.05,

**P<0.01, rhBNP groups compared to CHF group (t-test).

(P<0.01), and EF was significantly lower than in the
control group (P<0.01). The results suggested that rats
with ISO-induced CHF displayed manifestations similar to
those seen in dilated cardiomyopathy.

LVIDd and LVIDs were lower in the low- and high-
dose rhBNP groups than in the CHF group (P<0.05),
and EF was higher than in the CHF group (P<0.01),
indicating that treatment with rhBNP for 1 month reduced
LV end-diastolic diameter and improved systolic function.
There were no significant differences in LVIDd, LVIDs,
or EF between the low- and high-dose rhBNP groups
(P>0.05).

Hemodynamic variables

Hemodynamic parameters are summarized in Table 2.
LVEDP was significantly higher in the CHF group than in
the control group (P<<0.01), while LVSP, dp/dtmax, and dp/
dtmin were significantly lower than in the control group
(P<0.01). LVEDP was significantly lower (P<<0.05) in the
low- and high-dose rhBNP groups than in the CHF group,
and dp/dtmax (P<0.05) and dp/dtmin (P<0.01) were
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significantly higher than in the CHF group. LVSP remained
at a relatively stable level in the low-dose rhBNP group.
There were no significant differences in these variables
between low- and high-dose rhBNP groups and no obvious
between-group differences were found for HR.

These findings suggest that, in rats with ISO-induced
changes, myocardial fibers impaired systolic and diastolic
cardiac function and that administration of rhBNP partly
reversed these effects.

Myocardial fibrosis

A high degree of collagen deposition was found in the
myocardium of rats with ISO-induced heart failure (Figure 2).
Consequently, CVF was significantly higher in the CHF
group than in the control group (P<<0.01). CVF in both the
low- and high-dose rhBNP groups was significantly lower
than in the CHF group (P<0.05). No significant differences
were found in the CVF between low- and high-dose rhBNP
(P>0.05; Figure 3). These findings suggest that rhBNP
may reduce collagen deposition and improve myocardial
fibrosis.

Figure 2. Changes in myocardial fibrosis (picric
acid-Sirus red staining). Red indicates collagen
fiber and yellow indicates myocardium. A, Control
group. B, There was a significant increase in
fibrous tissue in the CHF group. C, Fibrous tissue
in the low-dose rhBNP group. D, Fibrous tissue
in the high-dose rhBNP group. Fibrous tissue in
the low-dose and high-dose rhBNP groups was
reduced compared to the CHF group. CHF:
chronic heart failure; rhBNP: recombinant human
brain natriuretic peptide.
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Low-dose High-dose
rhBNP group rhBNP group

Control group CHF group

Figure 3. Collagen volume fraction (CVF) values of rats in different
groups. Data are reported as means+SD. CHF: chronic heart
failure (CHF); rhBNP: recombinant human brain natriuretic peptide
*P<0.01 vs control group; *P<0.05 vs CHF group (t-test).

Aldosterone concentrations in the plasma and
myocardial tissues

Aldosterone concentrations in plasma and myocardial
tissues were significantly higher in the CHF group than in
the control group (P<0.01). In addition, aldosterone
concentrations in plasma and myocardial tissues in the
low-dose and high-dose rhBNP groups were significantly
lower than in the CHF group (P<0.01; Table 3). There
were no significant differences in the aldosterone con-
centrations in the plasma and myocardial tissues between
low- and high-dose rhBNP groups. These results indicate
that rhBNP decreased aldosterone concentrations in
plasma and in myocardial tissues.

Transcription level of CYP11B2

Significantly elevated CYP11B2 transcription levels
were detected in the rats with CHF induced by ISO
(Figure 4), and the corresponding degree of fluorescence
was significantly higher than in the control group
(P<0.01). CYP11B2 transcription was significantly
reduced following treatment with low- and high-dose
rhBNP for 1 month. There were no significant differences
between low- and high-dose rhBNP groups in terms of
CYP11B2 transcription (Figure 5). These results suggest
that rhBNP downregulated CYP11B2 transcription.
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Discussion

It has been reported previously that ISO causes diffuse
myocardial necrosis and cardiac fibrosis, which are similar
to that observed in patients with Ml and remodeling
necrosis. However, unlike with M, the effects of ISO are
observed with a patent coronary circulation (6). In the rat
model, changes in myocardial cells progressed to cause
heart failure. This was the result of reduced levels of
oxygen, microcirculatory disturbance, changes in the
permeability of myocardial cell membranes, Ca?™" overload,
and the toxic effects of the oxidative products of ISO, which
resulted in myocardial ischemia-reperfusion injury (6).

It has been previously reported that the rat model of
heart failure could be induced by two subcutaneous
injections of either 85, 170, or 340 mg/kg 1SO, with
resulting survival rates of 45, 30, and 18%, respectively.
In the present study, rats were injected subcutaneously
with progressively decreasing doses of ISO for 15 days, for
a total dose of 120 mg/kg. This resulted in a survival rate of
50%, demonstrating that multiple low-dose injections of
ISO improved survival rate by avoiding the acute toxicity of
high-dose ISO. The EF in surviving rats was <45%. It has
been reported that chronic injection of low-dose ISO for
different times (1.2 mg-kg~"-day™" for 3 days to 16 weeks)
only resulted in left ventricular hypertrophy at 3 days and at
1 and 2 weeks. However, systolic failure was induced at a
longer time of 4 weeks, indicating that there was ongoing
injury of cardiomyocytes by ISO (13). In our study, rats
received continuous subcutaneous injection of ISO for 2
weeks and waited for 1 month to establish the chronic heart
failure model. Then, the survival rate of rats was observed
to reflect the impact of ISO on cardiomyocytes.

Our results showed that CYP11B2 mRNA transcription,
aldosterone concentrations, and myocardial fibrosis in left
ventricular myocardial tissues in the CHF group were
significantly higher than those in the control group (65.9,
412.5, and 439.8%, respectively). These findings suggest
that both myocardial aldosterone synthase (CYP11B2)
transcription and aldosterone synthesis increased signifi-
cantly in the left ventricle of rats with ISO-induced CHF.

Traditionally, aldosterone has been thought to be
produced solely by zona glomerulosa cells in the adrenal

Table 3. Aldosterone concentrations in plasma and myocardial tissues.

Group n Aldosterone concentrations Aldosterone concentrations in
in plasma (ng/mL) myocardial tissues (ng/mg protein)

Control 10 0.08 + 0.01 0.33 + 0.07

CHF 9 0.41 + 0.05* 0.63 + 0.06%

Low-dose rhBNP 8 0.36 + 0.06** 0.54 + 0.09%

High-dose rhBNP 8 0.31 + 0.04** 0.53 + 0.07*

Data are reported as means = SD. CHF: chronic heart failure; rhBNP: recombinant human brain natriuretic peptide *P<0.01, CHF group
compared to control group; *P<0.05, **P<0.01, rhBNP groups compared to CHF group (t-test).
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Figure 4. Amplification and dissolution curves for GAPDH and CYP11B2. A, GAPDH amplification curve; B, GAPDH melting curve; C,

CYP11B2 amplification curve; D, CYP11B2 melting curve.

cortex in response to angiotensin Il, making it an important
component of the circulating renin-angiotensin-aldosterone
system. Recently, aldosterone has also been reported to
be produced in extraadrenal tissues, including the heart,
blood vessels, and brain (14-16). Aldosterone concentra-
tions in blood from patients’ coronary sinus (from the
heart), anterior interventricular vein (AlV; from the left
ventricle), and aortic root were tested and compared by
Yamamoto et al. (17) and Mizuno et al. (18). Results
showed that the aldosterone concentrations in coronary
sinus or AlV blood were higher than those in aortic root
blood, which indicated that myocardial tissues had the
ability to synthesize aldosterone. The underlying mechan-
ism may be associated with the autocrine and/or paracrine
role of cardiomyocytes, through which aldosterone con-
centrations in coronary sinus blood are higher than those
in aortic root blood (17,18). In this study, aldosterone

Power value of
fluorescence
N w » o

Control group  CHF group Low-dose High-dose

rhBNP group rhBNP group

Figure 5. Power values of CYP11B2 fluorescence measurement
in each group of rats. Data are reported as means +SD. CHF:
chronic heart failure; rhBNP: recombinant human brain natriuretic
peptide *P<0.01 vs control group; * P<0.05 vs CHF group (t-test).
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concentrations, which were directly tested in the left
ventricle of 1SO-induced heart failure rats, were signifi-
cantly higher than in the control; meanwhile, such aldo-
sterone concentrations were decreased with BNP treat-
ment, both of which indicated that aldosterone synthesis
levels were increased in the left ventricle of heart failure rats.
Similar results were reported by Gomez-Sanchez et al. (19).
However, it has not been reported whether aldosterone in
the left ventricle was specifically produced in myocardial
cells, highly specialized contractile cells, the endothelium,
fibroblasts, or vascular smooth muscle cells. We speculated
that it might be produced mainly by cardiomyocytes.

BNP has been shown to induce arterial and venous
vasodilatation via vascular smooth muscle relaxation. It
also has diuretic effects and is able to reduce pulmonary
capillary wedge pressure and right atrial pressure in
patients with CHF (20,21). These studies have suggested
that BNP decreases the preload of heart and reduces
peripheral vascular resistance, systolic blood pressure,
and mean arterial pressure. Although BNP has no definite
positive inotropic action, it significantly increases cardiac
index and EF, relieves dyspnea, and reduces the
occurrence of ventricular arrhythmias (22).

Short-term administration of the BNP agonist nesiritide
has been shown to have beneficial effects in patients with
acute decompensated heart failure, but is unable to
significantly improve their prognosis (7). A study in dogs
with experimentally induced CHF indicated that 10 days
of repeated short-term administration of BNP resulted in
increased cardiac output and decreased systemic vascular
resistance and pulmonary capillary wedge pressure.
However, there was no evidence of increased plasma renin
activity (10). Neutral endopeptidase (NEP), which metabo-
lizes both bradykinin and the natriuretic peptides, protected
atrial natriuretic peptide and BNP from degradation in vivo
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and enhanced their biological activities. Subcutaneous
injection with the selective NEP inhibitor 28603 stimulated
urinary excretion of cyclic guanosine monophosphate
(cGMP) and sodium in a dose-related manner in angio-
tensin converting enzyme inhibition in dogs with tachycar-
dia-induced heart failure (23). Vasopeptidase inhibitors
(VPI) are angiotensin converting enzyme and NEP inhibi-
tors. Chen et al. (24) reported that acute VPI intravenous
injection could increase plasma BNP concentration and
potentiates the cardiorenal actions of subcutaneous admin-
istration of BNP in experimental CHF. Our results showed
that 1 month of subcutaneous administration of low- or high-
dose rhBNP improved hemodynamics and significantly
increased EF in rats with experimentally induced CHF.
These beneficial effects may be due to its vasodilator and
diuretic effects.

It is well known that aldosterone plays a vital role in
heart failure, causing retention of sodium and water,
promotion of myocardial fibrosis, reduced vascular com-
pliance, and the development of malignant ventricular
arrhythmia. Recent evidence suggests that aldosterone is
not only synthesized and secreted in the zona glomer-
ulosa of the adrenal cortex, but also within the heart itself.

Aldosterone synthase is regulated by two genes,
CYP11B1 and CYP11B2. As CYP11B2 is the final enzyme
needed for aldosterone production, its activity can be used
to evaluate aldosterone synthesis. Previous research has
confirmed that gene expression of CYP11B2 is present in
heart muscle and that expression is markedly increased
during heart failure (3), which in turn increases local cardiac
aldosterone levels (17).

Clinical trials have shown that intravenous injection of
BNP significantly reduces plasma levels of renin, aldosterone,
norepinephrine, and endothelin-1 (25). Ito et al. (8) reported
that both exogenous and endogenous BNP could suppress
the expression of CYP11B2 mRNA in cultured mouse
embryonic cardiomyocytes. However, the mechanisms were
not fully understood. It has been reported that natriuretic
peptide receptor A (NPR-A) is present on cardiomyocytes
and isolated fibroblasts. Chen et al. (26) reported that BNP
has potent anti-hypertrophic and antifibrotic properties via
NPR-A. cGMP is the main second messenger of BNP. A
cGMP-dependent protein kinase (PKG or cGK) represents
the principal intracellular mediator of cGMP signals (27,28).
This is probably a common mechanism underlying the
suppression of CYP11B2 by rhBNP.

In the present study, long-term subcutaneous admin-
istration of rhBNP significantly decreased CYP11B2
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transcription and reduced myocardial aldosterone and
myocardial fibrosis, in addition to improving hemody-
namics and myocardial systolic function. One explanation
for the reduced levels of myocardial fibrosis is that rhBNP
may be able to decrease left ventricular CYP11B2
transcription, thereby suppressing local cardiac aldoster-
one synthesis. However, no significant differences were
observed between low-dose and high-dose rhBNP
groups, which may be related to the minor differences in
dosage.

BNP can reduce the level of myocardial fibrosis, and its
mechanism is related not only to the ability of BNP to
reduce aldosterone synthesis in the left ventricle under
heart failure but also to the ability of BNP to upregulate
matrix metalloproteinases (MMPs), which promotes the
degradation of fibers. It has been reported by Tsuruda et al.
(29) that BNP exists in in vitro cultured cardiac fibroblasts
and decreases collagen synthesis and increases MMPs via
cGMP protein kinase G signaling (25). Further studies are
needed to determine whether BNP in vivo plays such a
role.

BNP was approved for use by the United States Food
and Drug Administration in August 2001 (29) and was
included in the European Society of Cardiology guidelines
for the treatment of CHF in 2005 (30). In clinical practice,
BNP is mainly used for acute heart failure and is primarily
given intravenously. Studies in rabbits have shown that
subcutaneous administration of BNP prolongs its duration
of action relative to that achieved with intravenous
administration. Moreover, subcutaneous administration
offers a simpler treatment approach for long-term treat-
ment of CHF (31). For these reasons we used sub-
cutaneous injection in the current study. However, pivotal
clinical trial evidence is required before this route of
administration can be adopted in clinical practice.

The present study found that cardiac aldosterone and
aldosterone synthase transcription were elevated in rats
with 1SO-induced CHF. Long-term subcutaneous admin-
istration of rhBNP improved hemodynamics and cardiac
function and reduced myocardial fibrosis, possibly by
downregulating CYP11B2 transcription and reducing
myocardial aldosterone synthesis.
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