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Abstract We aimed to investigate whether atrial natri-

uretic peptide (ANP) attenuates angiotensin II (Ang II)-

induced myocardial remodeling and to clarify the possible

molecular mechanisms involved. Thirty-five 8-week-old

male Wistar–Kyoto rats were divided into control, Ang II,

Ang II ? ANP, and ANP groups. The Ang II and Ang II ?

ANP rats received 1 lg/kg/min Ang II for 14 days. The

Ang II ? ANP and ANP rats also received 0.1 lg/kg/min

ANP intravenously. The Ang II and Ang II ? ANP rats

showed comparable blood pressure. Left ventricular

fractional shortening and ejection fraction were lower in

the Ang II rats than in controls; these indices were higher

(P \ 0.001) in the Ang II ? ANP rats than in the Ang II

rats. In the Ang II rats, the peak velocity of mitral early

inflow and its ratio to atrial contraction-related peak flow

velocity were lower, and the deceleration time of mitral

early inflow was significantly prolonged; these changes

were decreased by ANP. Percent fibrosis was higher (P \
0.001) and average myocyte diameters greater (P \ 0.01)

in the Ang II rats than in controls. ANP decreased both

myocardial fibrosis (P \ 0.01) and myocyte hypertrophy

(P \ 0.01). Macrophage infiltration, expression of mRNA

levels of collagen types I and III, monocyte chemotactic

protein-1, and a profibrotic/proinflammatory molecule,

tenascin-C (TN-C) were increased in the Ang II rats; ANP

significantly decreased these changes. In vitro, Ang II

increased expression of TN-C and endothelin-1 (ET-1) in

cardiac fibroblasts, which were reduced by ANP. ET-1

upregulated TN-C expression via endothelin type A

receptor. These results suggest that ANP may protect the

heart from Ang II-induced remodeling by attenuating

inflammation, at least partly through endothelin 1/endo-

thelin receptor A cascade.

Keywords ANP � Cardiac remodeling � Tenascin-C �
Inflammation � Endothelin-1

Introduction

Atrial natriuretic peptide (ANP) was originally identified as

a diuretic/natriuretic and vasodilating hormone released by

the heart in response to myocardial stretch and overload.

Recent reports have demonstrated that ANP exerts various

beneficial effects on the heart [1–3], For example. ANP
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suppresses the renin-angiotensin-aldosterone system

(RAAS), endothelin synthesis, and sympathetic nerve

activity [4], whereas it enhances adiponectin production

and regulates cell growth and apoptosis (reviewed in

[5, 6]), as a circulating hormone as well as a local autocrine

and/or paracrine factor. Indeed, ANP exhibits therapeutic

efficacy against chronic heart failure [7–9], acute heart

failure [10–13], and acute myocardial infarction [14–17] in

humans as well as rat models of acute myocardial infarc-

tion–reperfusion [18] and autoimmune myocarditis [19].

However, the detailed molecular mechanisms of these

cardioprotective functions remain uncertain.

Left ventricular (LV) remodeling is an important factor

related to the prognosis of heart disease. Histological fea-

tures of LV remodeling include interstitial fibrosis and

myocyte hypertrophy. Enhanced myocardial stiffness

caused by increased interstitial fibrosis is known to lead to

diastolic heart failure. Recently, increasing attention has

been paid to the fact that RAAS overactivation-mediated

inflammation plays a significant role in the development of

cardiac fibrosis during ventricular remodeling [20–23].

Fibrotic lesions are formed via a multistep process of syn-

thesis and degradation of various extracellular matrix mol-

ecules, including tenascin-C (TN-C). TN-C is an

extracellular glycoprotein that is weakly expressed in heal-

thy adult hearts, but it is transiently upregulated in associa-

tion with tissue injury and inflammation [24–30]. This

specific expression pattern makes TN-C a valuable marker

for inflammatory disease activity [25, 27]. Using a mouse

model, we previously reported that TN-C may be involved in

the progression of hypertensive myocardial fibrosis and that

elevated TN-C expression may be a marker for active pro-

gression of fibrosis in the heart [28]. Furthermore, TN-C has

diverse biological functions and is considered to be a key

molecule during the progression of inflammation and fibrosis

(reviewed in [31, 32]). We investigated whether ANP

attenuates cardiac fibrosis in a rat model of Ang II-induced

ventricular remodeling and the molecular mechanism

involved, especially focusing on TN-C. Cardiac function,

histological changes, and expression of molecules related to

fibrosis and inflammation, which include collagen type I,

collagen type III, TN-C, monocyte chemotactic protein-1

(MCP-1), and endothelin-1 (ET-1) were examined in the

heart of model rats treated with Ang II with or without ANP.

Furthermore, the direct effects of ANP on TN-C synthesis

and the signaling pathways involved were studied in cultured

cardiac fibroblasts.

Materials and methods

Animal experiments were performed in accordance with

the Guide for the Care and Use of Laboratory Animals

published by the US National Institutes of Health (pub-

lication no. 85-23, revised 1996), and the study was

approved by our Institutional Animal Research Commit-

tee. Experiments were performed on 8-week-old male

Wistar–Kyoto rats that weighed 250–280 g before study

initiation. The rats were fed a standard rat-chow diet and

had free access to tap water. Thirty-five rats were ran-

domly divided into four treatment groups (control, n = 10;

Ang II, n = 10; Ang II ? ANP, n = 10, ANP, n = 5). All

rats were anesthetized with 3 % isoflurane on a volume-

cycled ventilator (Univentor; Bio Research Center,

Nagoya, Japan) for small animals. In Ang II and Ang II ?

ANP groups, a midline incision was made in the lumbar

region for insertion of osmotic mini-pumps (model 2002;

ALZET, Palo Alto, CA, USA; mean filling volume, 0.234

ml) filled with Ang II (Peptide Institute, Osaka, Japan),

which was infused at 1 lg/kg/min for 14 days. The dose

used in this study was determined on the basis of pre-

liminary experiments. For the administration of saline or

ANP, control, Ang II ? ANP, and ANP groups bearing

the mini-pump were fitted with a fluid-delivery infusion

pump (10 ml Infu-disk; MED-e-CELL, San Diego, CA,

USA) attached to the back. These external infusion pumps

were filled with saline or carperitide, a recombinant

a-human ANP (Daiichi-Sankyo Pharmaceutical, NY,

USA), dissolved in distilled water and released at 0.1 lg/

kg/min for 14 days. The pump was connected to the right

or left jugular vein by a small polyethylene catheter. The

rats were weighed on days 0, 3, 6, 10, and 14, and sys-

tolic blood pressure and heart rate were measured using a

tail-cuff method without anesthesia on the same days. On

day 14, the rats were deeply anesthetized with isoflurane

and euthanized. The hearts were dissected and weighed,

and a part of the ventricle was separated from the heart,

frozen in RNAlater (Ambion, Huntington, UK), and

stored at -80 �C until use.

Echocardiographic measures of cardiac function

LV function was assessed using a two-dimensional guided

M-mode ultrasound system (VIVID7; GE Medical Sys-

tems, Tokyo, Japan). Images of the short-axis view of the

left ventricle at the level of the papillary muscle were

recorded to assess cardiac function. The end-diastolic LV

dimension (LVDd) and end-systolic LV dimension (LVDs)

were measured directly by echocardiography. The LV

fractional shortening (FS) and LV ejection fraction (EF)

were calculated as percentages from the LVDd and LVDs

values. The LV diastolic function was evaluated by

recording the pulse-wave Doppler spectra of transmitral

flow. The peak velocity of mitral early inflow (E), its ratio

to atrial contraction-related flow peak velocity (E/A), and

the deceleration time of mitral early inflow (DcT) were also
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measured. Echocardiography was performed on the 14th

day after study initiation in all rats.

Histological analysis

Histological analysis was performed on five hearts from

each group. The left ventricle was removed, fixed in 4 %

paraformaldehyde, and embedded in paraffin. Three-

micrometer-thick sections were prepared and stained with

hematoxylin–eosin for evaluation of myocyte hypertrophy

and with Sirius Red for evaluation of myocardial fibrosis.

To determine the average myocyte size, the shortest

transverse diameter was measured in 50 transverse sections

per heart (9200 magnification), which contained the cross

section of a myocyte with its nucleus. To determine the

percent area of myocardial interstitial and perivascular

fibrosis, the Scion imaging system (Scion, Frederick, MD,

USA) was used as described previously [28]. To evaluate

TN-C expression and the number of macrophages in the

myocardium, we performed immunohistochemistry as

described previously [33]. In brief, a mouse monoclonal

antibody for TN-C (4F10TT; IBL, Gunma, Japan; 1:100

dilution) and a mouse monoclonal antibody against the

macrophage marker cluster of differentiation 68 (CD68;

DAKO Japan, Tokyo, Japan; 1:100 dilution) were used.

Immunoreactivity was evaluated using the avidin–biotin–

peroxidase complex method (ScyTek Laboratories, Logan,

UT, USA). The reactions were visualized using diam-

inobenzidine, and nuclei were counterstained with hema-

toxylin. Quantitative analysis of tissue macrophages was

performed using the CD68 antibody stain. For each-spec-

imen, three randomly selected photomicrographs (9400

magnification) of the anterior, lateral, and posterior ven-

tricular walls, as well as the interventricular septum, were

examined (12 fields/specimen). The numbers of CD68-

positive cells were counted in each region and expressed as

the number of inflammatory cells per unit area (1 mm2).

Immunofluorescence double labeling was applied to

colocalize TN-C, and either a-smooth muscle actin (SMA)-

positive cells or macrophages. Anti-a-SMA mouse mono-

clonal primary antibodies (Thermo Fisher Scientific,

Yokohama, Japan; 1:100 dilution) were used for the

detection of a-SMA-positive cells, and anti-CD68 mouse

monoclonal primary antibodies (DAKO Japan; 1:100

dilution) were used for detection of macrophages. Biotin-

ylated antimouse immunoglobulins (EPOS; Dako Japan;

1:250 dilution) were then used as part of the enhanced

polymer one-step staining system, followed by incubation

in streptavidin labeled with Alexa 448 (Molecular Probes,

Eugene, OR, USA; 1:300 dilution). For detection of TN-C,

anti-TN-C polyclonal rabbit antibody [33], and goat anti-

rabbit immunoglobulins labeled with Alexa 555 (Molecu-

lar Probes; 1:300 dilution) were used. Fluoromount

(Diagnostic BioSystem, Pleasanton, CA, USA) was used to

mount stained sections on coverslips. Laser scanning con-

focal fluorescence microscopy combined with differential

interference contrast imaging was performed using LSM

510 META Ver. 3.2 (Zeiss, Göttingen, Germany). Bright-

ness and contrast adjustments along with necessary crop-

ping were performed using Photoshop Elements 8.0

(Adobe, San José, CA, USA).

Real-time reverse transcription–polymerase chain

reaction (real-time RT-PCR)

Total RNA was isolated from five hearts from each group

and real-time RT-PCR performed to measure the mRNA

expression levels of collagen type I, collagen type III,

TN-C, MCP-1, ET-1, and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). Quantitative PCR was per-

formed using a Light Cycler (LightCycler FastStart DNA

Master PLUS SYBR Green I; Roche Diagnostics; Mann-

heim, Germany). Amplification specificity was checked

using a melting curve according to the manufacturer’s

instructions. The mRNA expression of each target was

normalized to that of GAPDH. The forward and reverse

primers are listed in Table 1.

Cell cultures

Cardiac fibroblasts were obtained from the ventricles of

Wistar–Kyoto rats and grown in Iscove’s modified

Table 1 Oligonucleotide primers used for real-time RT-PCR

Gene Primers

Collagen type I

Forward 50-GCT TGG ATG GCT GCA C-30

Reverse 50-GGT GGG AGG GAA CCA GAT T-30

Collagen type III

Forward 50-GGA AAA GAT GGA TCA AGT GGA C-30

Reverse 50-CTG GCT GTC CAG GGT GAC-30

MCP-1

Forward 50-ATG CAG GTC TCT GTC ACG-30

Reverse 50-CAT TGG GAT CAT CTT GCC-30

TN-C

Forward 50-ACC AAC TGT GCC CTG TCC TA-30

Reverse 50-GAT TTC GGA AGT TGC TGG GT-30

ET-1

Forward 50-AGC TGG GAA AGA AGT GTA TC-30

Reverse 50-TCT GTA GAG TTC CGC TTT CA-30

GAPDH

Forward 50-TAC ACT GAG GAC CAG GTT G-30

Reverse 50-CCC TGT TGC TGT AGC CAT A-30
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Dulbecco’s medium (IMDM) supplemented with 10 %

fetal bovine serum as described previously [34]. The

experiments were performed on secondary cultures. Cells

were plated in Multiwell 6-well plates (Becton–Dickin-

son, Franklin Lakes, NJ, USA) at 3 9 105 cells/well

for 48 h in serum-free IMDM, and then treated with

ET-1 (3 9 10-9, 1 9 10-8, 3 9 10-8, and 1 9 10-7 mol/l)

or Ang II (1 9 10-9 mol/l) for 6 h. To determine

whether ET-1 is involved in the upregulation of Ang

II-induced (1 9 10-9 mol/l) TN-C mRNA expression,

the endothelin receptor (ET-R) antagonist bosentan

(1 9 10-6 or 1 9 10-5 mol/l) was also used. To clarify

the signaling pathways induced by Ang II, we coapplied

the selective endothelin A receptor (ET-RA) antagonist

BQ 123 (1 9 10-7, 3 9 10-7, and 1 9 10-6 mol/l) and/

or the selective endothelin B receptor (ET-RB) antago-

nist BQ 788 (1 9 10-7, 3 9 10-7, and 1 9 10-6 mol/l).

To examine if ANP blocks Ang II-induced

TN-C expression, the cells were pretreated with ANP

(1 9 10-8 or 1 9 10-7 mol/l) for 6 h and then stimu-

lated with Ang II (1 9 10-9 mol/l) for 6 h. Total RNA

was isolated from the treated cells using ISOGEN

(Nippon Gene, Toyama, Japan), and the relative ET-1 or

TN-C mRNA levels were determined by quantitative

real-time RT-PCR.

Statistical analyses

All quantitative data are expressed as means ± standard

deviation (SD). Numeric data were statistically evaluated

by 1-way analysis of variance, followed by the Tukey–

Kramer method for multiple comparisons. A P value less

than 0.05 was considered to be statistically significant.

Results

Systolic blood pressure, heart rate, body weight,

and heart weight/body weight ratio

The rats were subjected to Ang II infusion for 14 days, with

or without administration of ANP. Compared with the con-

trols (114 ± 5 mmHg), the Ang II and Ang II ? ANP rats

showed elevated SBP (Ang II, 204 ± 36 mmHg; Ang II ?

ANP, 201 ± 22 mmHg; P\0.001). The Ang II rats had a

significantly higher heart rate than the controls (control, 338

± 12 beats/min; Ang II, 432 ± 53 beats/min; P\0.001). In

addition, the Ang II and Ang II ? ANP rats had significantly

lower body weights than the controls (control, 317 ± 18 g;

Ang II, 216 ± 46 g; Ang II ? ANP, 225 ± 45 g; P\0.001).

The Ang II rats had a significantly greater average heart

weight/body weight ratio than the controls (control, 3.20 ±

0.55 mg/g; Ang II, 4.20 ± 1.02 mg/g; P\0.05). The Ang II ?

ANP rats had a slightly, but not significantly, lower heart

weight/body weight ratio compared with the Ang II rats (Ang

II ? ANP, 4.04 ± 0.78 mg/g; P = 0.90; Table 2). There were

no significant differences between controls and ANP-alone

rats in systolic blood pressure, heart rate, body weight, and

heart weight/body weight ratio.

Ang II and Ang II ? ANP rats showed comparable blood

pressure and heart rate throughout the time course (Fig. 1).

Cardiac function

LVFS and EF were significantly lower in the Ang II rats than

in the controls (P\0.001), whereas the Ang II ? ANP rats

exhibited significantly higher LVFS and EF than the Ang II

rats (P \ 0.001). On the basis of Doppler spectra for

Table 2 Systolic blood pressure, heart rate, body weight, heart weight/body weight ratio, and echocardiographic parameters on day 14

Control (n = 10) Ang II (n = 10) Ang II ? ANP (n = 10) ANP (n = 5)

Systolic blood pressure (mmHg) 114 ± 5 204 ± 36** 201 ± 22** 127 ± 5

Heart rate (beats/min) 338 ± 12 432 ± 53** 431 ± 76 352 ± 27

Body weight (g) 317 ± 18 216 ± 46** 225 ± 45** 306 ± 4

Heart weight/body weight (mg/g) 3.20 ± 0.55 4.20 ± 1.02* 4.04 ± 0.78 2.44 ± 0.11

LVDd (mm) 6.00 ± 0.35 4.14 ± 0.09** 4.36 ± 0.66 5.26 ± 1.20

LVDs (mm) 2.57 ± 0.37 2.12 ± 0.38* 1.83 ± 0.30 2.68 ± 0.77

EF (%) 92.1 ± 2.5 86.6 ± 2.5** 91.9 ± 2.1� 84.8 ± 8.8

FS (%) 57.9 ± 4.0 48.6 ± 3.1** 56.9 ± 4.1� 48.5 ± 10.3

E (cm/s) 0.78 ± 0.07 0.52 ± 0.08** 0.58 ± 0.09 0.61 ± 0.12

E/A 2.60 ± 0.27 1.98 ± 0.16** 2.13 ± 0.23 2.47 ± 0.41

DcT (ms) 67.4 ± 4.1 81.6 ± 5.5** 70.6 ± 3.0� 65.8 ± 4.8

Values are mean ± SD

LVDd left ventricular end-diastolic diameter, LVDs left ventricular end-systolic diameter, EF ejection fraction, FS fractional shortening, E peak

velocity of mitral early inflow, E/A ratio of mitral early inflow peak velocity to atrial contraction-related flow peak velocity, DcT deceleration

time

* P \ 0.05 versus control, ** P \ 0.001 versus control, � P \ 0.001 versus Ang II
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transmitral flow, the Ang II rats showed significant decreases

in E and E/A ratio, in addition to a significant prolongation of

the DcT, compared with the controls (E, P \ 0.001; E/A,

P \ 0.001; DcT, P \ 0.001). Coadministration of ANP

reversed the Ang II-mediated suppression of E and the

E/A ratio, as well as the decreased DcT (E, P = 0.22; E/A,

P = 0.30; DcT, P\0.001; Table 2), indicating that ANP can

partially reverse Ang II-induced ventricular dysfunction.

There were no significant differences between controls and

ANP-alone rats in echocardiographic parameters.

Myocyte hypertrophy

The average myocyte diameter was significantly greater in

the Ang II rats than in the controls (P\0.001). ANP coad-

ministration significantly decreased myocyte diameter

(P\0.01; Fig. 2a, b). Compared with controls, the average

myocyte diameter in ANP-alone rats showed no significant

difference.

Myocardial fibrosis

The percent areas of myocardial fibrosis were significantly

greater in the Ang II-treated rats than in the controls

(P\0.001). ANP coadministration significantly decreased

interstitial fibrosis (P\0.01; Fig. 3a, b). The mRNA levels

of fibrotic indicators collagen type I (Fig. 3c) and collagen

type III (Fig. 3d) were higher in the Ang II rats than in the

controls, whereas ANP coadministration significantly

decreased the mRNA levels of collagen type I (Fig. 3c) and

collagen type III (Fig. 3d).

Fig. 1 The time course of

systolic blood pressure (BP)

(a) and heart rate (b). Values are

expressed as mean ± SD.

Control control rats, Ang II

angiotensin II-treated rats, Ang

II ? ANP Ang II plus atrial

natriuretic peptide-treated rats,

ANP atrial natriuretic peptide-

treated rats, BPM beats/min
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Compared with controls, the percent areas of myocardial

fibrosis in ANP-alone rats showed no significant difference.

In addition, the mRNA levels of collagen type I and collagen

type III of ANP-alone rats also showed no significant

difference.

Cardiac inflammation

Immunostaining for TN-C is shown in Fig. 4a. The average

TN-C-positive area was larger in the Ang II rats than in the

controls, and again TN-C immunoreactivity was decreased

by ANP coadministration. Similarly, the total number of

CD68-positive cells per unit area (1 mm2) was significantly

greater in the Ang II rats than in the controls (P \ 0.001;

Fig. 4b, d). This increase was significantly decreased by ANP

coadministration (P \ 0.05; Fig. 4b, d). mRNA levels of

TN-C (Fig. 4c) and MCP-1 (Fig. 4e) were increased in the

Ang II rats compared with the controls, whereas ANP

coadministration significantly decreased both TN-C (Fig. 4c)

and MCP-1 (Fig. 4e) mRNA levels. Compared with controls,

TN-C-positive area and the total number of CD68-positive

cells in ANP-alone rats showed no significant difference.

In addition, the mRNA levels of TN-C and MCP-1 of

ANP-alone rats also showed no significant difference. The

mRNA level of ET-1 was higher in the Ang II rats than in the

controls. The mRNA level of ET-1 was decreased in the Ang II

? ANP rats compared with the Ang II rats, but the difference

was not statistically significant (P = 0.38, data not shown).

Confocal laser scanning microscopy

In the fibrotic area shown in Fig. 4a, b, by confocal laser

scanning microscopy a large number of CD68-positive

macrophages and a-SMA-positive cells, presumably myo-

fibroblasts, was observed. We then compared whether TN-C

immunopositivity colocalized with CD68 and a-SMA pos-

itivity. Most of the a-SMA-positive cells were found to be

negative for TN-C staining (Fig. 5a), and CD68-positive

macrophages were negative for TN-C staining (Fig. 5b).

Effects of ANP on TN-C synthesis by cardiac

fibroblasts in culture

The effects of Ang II on TN-C and ET-1 gene expres-

sion, and the role of ET-1 receptors in Ang II- and ANP-

mediated regulation of TN-C gene expression, were

Fig. 2 Histological changes in the rat myocardium induced by

chronic Ang II infusion. a Light micrographs of hematoxylin–eosin-

stained sections (scale bar 50 lm). b The diameter of the myocytes.

Values are expressed as mean ± SD. Control control rats, Ang II

angiotensin II-treated rats, Ang II ? ANP Ang II plus atrial natriuretic

peptide-treated rats, ANP atrial natriuretic peptide-treated rats.

***P \ 0.001 vs. the control group, ��P \ 0.01 vs. the Ang II group
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examined in cultured cardiac fibroblasts by quantitative

real-time RT-PCR. Ang II administration increased TN-C

mRNA expression, and ANP coadministration signifi-

cantly reversed this upregulation (Fig. 6a). In addition,

Ang II increased ET-1 mRNA expression, whereas ANP

coadministration significantly reversed this upregulation

(Fig. 6b). Treatment of cultured cells with ET-1 signif-

icantly increased TN-C mRNA expression in a dose-

dependent manner (Fig. 6c). Upregulation of Ang

II-induced TN-C mRNA expression was significantly

blocked by the ET-R antagonist bosentan and the ET-RA

antagonist BQ123 (Fig. 6d, e), but not by the ET-RB

antagonist BQ 788 (Fig. 6f).

Discussion

The present study clearly demonstrated that ANP treatment

attenuates Ang II-induced cardiac inflammation, fibrosis,

and hypertrophy, and improves systolic and/or diastolic

cardiac function of the rat model.

It has been suggested that ANP may inhibit adverse

cardiac remodeling by preventing cardiomyocyte

hypertrophy and fibrosis based on G kinase activation [19,

35–37] in experiments using cultured cells and a natriuretic

peptide receptor-deficient mice [38–40]. In our present

study, ANP administration to rats significantly reversed

Ang II-induced myocyte hypertrophy and fibrosis, which

supports previous findings. Furthermore, we found that

ANP obviously reduced infiltration of macrophages as well

as expression of TN-C, an inflammatory marker, induced

by Ang II administration.

The clinical significance of RAAS-mediated chronic

myocardial inflammation is well recognized (reviewed in

[41]). Inflammation and fibrosis are closely related; indeed,

multiple factors associated with chronic inflammation are

believed to induce fibrosis. Among these factors, matri-

cellular proteins, a category of extracellular matrix mole-

cules, have attracted considerable attention [31, 42].

Matricellular proteins do not contribute to the formation of

fibers or basement membrane but rather serve as biological

mediators by interacting directly with cells or regulating

the activities of growth factors, cytokines, proteases, and

other extracellular matrix proteins [43, 44]. TN-C is a

typical matricellular protein expressed transiently at

restricted sites during embryonic development, tissue

Fig. 3 Histological features of Ang II-induced myocardial fibrosis.

a Light micrographs of Sirius Red staining (scale bar 100 lm).

b Percent area of myocardial interstitial and perivascular fibrosis.

c Relative mRNA levels of collagen I. d Relative mRNA levels of

collagen III. Values are expressed as mean ± SD. Control control

rats, Ang II angiotensin II-treated rats, Ang II ? ANP Ang II plus

atrial natriuretic peptide-treated rats, ANP atrial natriuretic peptide-

treated rats. *P \ 0.05, **P \0.01 vs. the control group, �P \0.05,
��P \ 0.01 vs. the Ang II group
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injury, inflammation, and fibrosis [45, 46]. Several lines of

evidence suggest that TN-C could act as a profibrotic and

proinflammatory modulator by enhancing macrophage

activity [31, 47, 48]. In fact, deletion of the TN-C gene in

mice attenuates hepatitis and liver fibrosis [49], rheumatoid

arthritis [50], and fibrosis after myocardial infarction [51].

Several reports have suggested that ANP may have an

anti-inflammatory effect [52, 53] and may inhibit macro-

phage activity [54]. We proposed that ANP may weaken

inflammation by downregulation of TN-C, a modulator of

inflammation.

In general, major sources of TN-C in myocardium could

be the interstitial fibroblasts, as we have previously reported

[25, 33]. Ang II upregulates TN-C expression in cultured

cardiac fibroblasts as well as proinflammatory cytokines,

growth factors, and reactive oxygen species [28]. We spec-

ulate that Ang II may stimulate interstitial fibroblasts to

induce TN-C expression, which is reduced by ANP.

Using cultured cardiac fibroblasts, we found that ANP

suppressed TN-C expression induced by Ang II. We

investigated the role of ET-1 in Ang II/TN-C signaling

because several recent studies have linked ET-1 to fibrosis,

inflammation, and cardiovascular remodeling in the

downstream signaling of Ang II [55]. Furthermore, it is

well known that ANP suppresses gene expression of ET-1

of cardiac fibroblasts, as an autocrine/paracrine factor

[56, 57], attributable to G kinase [56]. We first confirmed

that Ang II upregulated ET-1 expression, which was sup-

pressed by ANP, as reported previously [56]. Second, we

examined if ET-1 is involved in TN-C upregulation by Ang

II in fibroblasts. Dual ET-R and ET-RA blockade signifi-

cantly suppressed TN-C upregulation, whereas ET-RB

blockade did not. Conversely, ET-1 increased TN-C

expression. Taken together, these in vitro results suggested

that ANP may suppress Ang II-induced TN-C synthesis, at

least in part, by inhibiting the ET-1/ET-RA signaling

Fig. 4 a Changes in TN-C immunoreactivity in response to Ang II

(scale bar 100 lm). b Immunostaining for CD68 (scale bar 100 lm).

c Relative mRNA level of TN-C. d Total number of CD68-positive

cells per unit area (1 mm2). e Relative mRNA level of MCP-1. Values

are expressed as mean ± SD. Control control rats, Ang II angiotensin

II-treated rats, Ang II ? ANP Ang II plus atrial natriuretic peptide-

treated rats, ANP atrial natriuretic peptide-treated rats. *P \ 0.05,

***P \ 0.001 vs. the control group, �P \ 0.05, ���P \ 0.001 vs. the

Ang II group
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Fig. 6 ET-1 and TN-C synthesis by cardiac fibroblasts in culture.

a Ang II increased the expression of TN-C mRNA, whereas ANP

significantly decreased this upregulation. b Ang II increased the

expression of ET-1 mRNA, which was significantly decreased by

ANP. c ET-1 significantly increased TN-C mRNA expression in

cardiac fibroblasts. Upregulation of Ang II-induced TN-C mRNA

expression was significantly decreased by bosentan and BQ 123 (d,

e), whereas BQ 788 had no significant effect (f). Values are expressed

as mean ± SD. *P \ 0.05, **P \ 0.01 vs. no substance. �P \ 0.05,
��P \ 0.01 vs. the Ang II alone group (10-9 mol/l)

Fig. 5 Confocal laser scanning microscopy. Colocalization of tenascin-C (TN-C) with a-smooth muscle actin (SMA) (a) and CD68 (b) were

examined. The scale bar indicates 50 lm. DIC Nomarski differential interference contrast imaging
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pathway (Fig. 7). Recent reports have suggested that TN-C

may enhance several signaling pathways, such as ET-1/ET-

RA [58], transforming growth factor b [59], and platelet-

derived growth factor [60] pathways. ANP may exert

cardioprotective effects, at least partially, by suppressing

TN-C that may modulate these inflammatory/fibrotic

signaling cascades by creating a positive feedback loop

(Fig. 7).

In the present study, we also clearly demonstrated that

ANP treatment significantly attenuated cardiac hypertrophy

without affecting blood pressure. As our group has previ-

ously reported, ANP can also suppress Ang II-induced

cardiac hypertrophy by inhibiting the ET-1/ET-RA cascade

[61, 62]. Therefore, ANP may exert a protective effect on

cardiac interstitial cells as well as on cardiomyocytes, at

least partly via the ET-1/ET-RA cascade.
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