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Abstract

The aim of the present study was to analyse the role of h1- and h2-adrenoceptors in the catecholamine-induced myocardial remodeling,

especially the interstitial fibrosis. Wistar rats were subjected to a 2-week chronic isoprenaline administration (30 Ag/kg/h). Rats received a

concomitant treatment with the selective h1-adrenoceptor antagonist, bisoprolol (50 mg/kg/day p.o.) or were chronically pretreated with the

selective h2-adrenoceptor agonist salbutamol (40 Ag/kg/h) for 1 week to induce h2-adrenoceptor desensitization. The pretreatment with

salbutamol induced a 59% down-regulation of left ventricular h2-adrenoceptors compared to control. The extent of the isoprenaline-induced

left ventricular fibrosis was significantly reduced in both the bisoprolol and salbutamol groups compared with the control isoprenaline-treated

group especially in the apical region (1.7F 0.6% and 1.4F 0.3% versus 6.0F 1.3%, respectively, P< 0.005). h1-adrenoceptor blockade and

h2-adrenoceptors down-regulation provided similar protection against isoprenaline-induced cardiac interstitial fibrosis suggesting that both

h-adrenoceptors are involved in such cardiac remodeling process.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Experimental and clinical trials have clearly demonstrat-

ed the beneficial effect of h-adrenoceptor blockade in heart

failure (Waagstein et al., 1975; The MDC study, 1998; The

CIBIS-II study, 1999; Lechat et al., 1998). Such benefit

relies on protection against the toxic effects of catechol-

amine. The latter include left ventricular hypertrophy, oxi-

dative stress, calcium overload and particularly fibrosis,

which are responsible for left ventricular remodeling and

dysfunction leading to progressive worsening of heart

failure. However, the exact mechanism underlying this

toxicity remains to be elucidated.

In the experimental model of heart failure in which

myocardial infarction is caused by coronary artery ligation

in the rat, the administration of noradrenaline did not increase

oxidative stress but increased the extent of interstitial fibrosis,
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an effect attributed to h-adrenoceptor stimulation (Bonne-

font-Rousselot et al., 2002). Another study using the same

model suggested that the cardiac fibrosis observed after

chronic administration of isoprenaline (a combined h1- and

h2-adrenoceptor agonist) was mediated by the h1-adrenocep-

tor subtype since h2-adrenoceptors were preferentially down-

regulated by this treatment (Brouri et al., 2002).

The aim of the present study was to further investigate

the respective roles of h1- and h2-adrenoceptors in the

catecholamine-induced cardiovascular remodeling and es-

pecially the fibrotic replacement of myocytes. For this

purpose, normotensive unoperated rats were treated for 2

weeks under conditions ensuring the selective stimulation of

h1- and h2-adrenoceptors and the resulting fibrosis was

assessed using a quantitative image analysis system.
2. Materials and methods

The experiments were performed on adult male Wistar

normotensive rats (Centre d’Elevage R. Janvier, Saint Ber-
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thevin, France). The animals were housed under controlled

environmental conditions (22F 1 jC ambient temperature,

60% relative humidity, 12:12 h light–dark cycle, food and

water ad libitum) for the whole study. All the procedures

involving animals and their care were conducted in confor-

mity with the institutional guidelines that are in compliance

with national and international laws and policies (Council

directive #87.848, October 19, 1987, Ministère de l’Agri-

culture et de la Forêt, Service Vétérinaire de la Santé et de la

Protection Animale).

2.1. Chronic stimulation of b1- and b2-adrenoceptors
(Fig. 1)

Rats weighing 300–320 g were subjected to a 2-week

administration of isoprenaline (30 Ag/kg body weight per h)

through osmotic minipumps (model 2002, ALZA, Palo

Alto, CA, USA) implanted subcutaneously in the back as

previously used (Brouri et al., 2002) (Fig. 1). Minipumps

delivering saline (0.9% NaCl) were implanted for the same

period in control rats.

2.2. Preliminary experiments

2.2.1. Selective stimulation of the b2-adrenoceptors

To stimulate only the h2-adrenoceptors, rats were treated

with the selective h1-adrenoceptor antagonist, bisoprolol (50

mg/kg body weight per day, in drinking water).

To test for the efficacy of such bisoprolol dose regimen in

selectively blocking h1-adrenoceptors, dose-response curves

of the effect of i.v. isoprenaline on heart rate and of i.v.

salbutamol on diastolic blood pressure, were drawn. For this

purpose, animals were divided into two groups including
Fig. 1. Pharmacological protocols for the chronic stimulation (for 2 weeks) of h1 +

or h1-adrenoceptors (salbutamol group) alone.
untreated control rats and rats that were treated with

bisoprolol for 2 weeks. On the day of the study, rats were

anesthetized with sodium pentobarbital (60 mg/kg i.p.). In a

first set of experiments, animals’ (five in control and five in

bisoprolol group) electrocardiogram monitoring allowed

measurement of heart rate changes in response to increasing

doses (0.0025–30 Ag/kg) of isoprenaline. In a second set of

experiments, animals’ (six in control and six in bisoprolol

group) blood pressure values were recorded in response to

increasing doses (0.05–10 Ag/kg) of salbutamol, a selective

h2-adrenoceptor agonist, using a micro-tip pressure trans-

ducer catheter (Millar Instrument, Houston, TX, USA)

introduced into the right carotid artery. The maximal re-

sponse was calculated from each dose-response curve, using

the following Emax model equation: E=(Emax �C)/

(C +EC50), with the sigma-plot software.

2.2.2. Selective b1-adrenoceptor stimulation,

b2-adrenoceptor desensitization

To avoid h2-adrenoceptor stimulation and to preferen-

tially stimulate h1-adrenoceptors, we used a model of h2-

adrenoceptor desensitization induced by the selective h2-

adrenoceptor agonist, salbutamol (Finney et al., 2000).

Dose-response curves of the effect of acute administration

of i.v. salbutamol on arterial blood pressure were drawn in

rats which had been previously subjected to a 1-week

continuous treatment with salbutamol (40 Ag/kg/h) using a

subcutaneous osmotic minipump. Such salbutamol dose

regimen was found by Finney et al. (2000) to induce a

30% desensitization of pulmonary h2-adrenoceptors. The

maximal responses were calculated from dose-response

curves to salbutamol (0.05 Ag/kg to 10 Ag/kg i.v) measuring

the decrease in diastolic blood pressure caused by the drug.
h2-adrenoceptors (isoprenaline group), h2-adrenoceptors (bisoprolol group)
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Diastolic blood pressure appeared indeed sensitive to h2-

adrenoceptor action as opposed to heart rate which was not

significantly altered by i.v. salbutamol.

2.2.3. b-adrenoceptor binding studies to assess

b-adrenoceptor desensitization
In order to establish the level of down-regulation of h2-

adrenoceptors induced, on the one hand, by the 1-week

treatment by salbutamol, and, on the other hand, by iso-

prenaline during the 2-week period of treatment [as used in

previous experiments, (Brouri et al., 2002) and planned to

be used in the main study of cardiac fibrosis induction], the

density and affinity of h1- and h2-adrenoceptors were

estimated in binding experiments using crude membranes

from the left ventricle at the end of each treatment periods.

For this purpose, animals were divided into three groups:

control saline (0.9% NaCl)-treated rats, salbutamol (40 Ag/
kg/h)-treated rats (1-week period) and isoprenaline (30 Ag/
kg/h)-treated rats (2-week period). Binding assays were

performed using left ventricle membrane from rats sacri-

ficed at the end of the treatment.

Membrane preparations and incubations with [125I]iodo-

cyanopindolol ([125I]ICYP, 2000 Ci/mmol) were performed

as previously described (Brouri et al., 2002). Samples were

supplemented with increasing concentrations (10–200 pM)

of [125I]ICYP without (total binding) or with 0.3 AM of the

selective h1-adrenoceptor antagonist CGP 20712A (nonspe-

cific binding) for the determination of the radioligand

binding to h1-adrenoceptor. Other samples supplemented

with the same concentrations of [125I]iodocyanopindolol

plus 0.3 AM CGP 20712A were prepared for the measure-

ment of the radioligand binding to h2-adrenoceptor. In that

case, nonspecific binding was determined in the presence of

1 AM propranolol. The specific binding was calculated as

total binding minus nonspecific binding, and expressed as

femtomoles [125I]ICYP specifically bound per milligram of

membrane protein, measured according to Lowry et al.

(1951). Kd and Bmax values were calculated from saturation

curves using Graphpad and Inplot 4 programs (see Fabre et

al., 1997).

We hypothesised that salbutamol treatment for 1 week

could induce a similar level of h2-adrenoceptor down-

regulation compared to that induced by isoprenaline (2

weeks, Brouri et al., 2002) and that administration of

isoprenaline after a 1-week pretreatment by salbutamol

would take place on desensitized h2-adrenoceptors. In such

conditions, we could evaluate the effects of isoprenaline

administration on previously desensitized h2-adrenoceptors.

2.3. Main study (see Fig. 1)

2.3.1. Quantification of fibrosis

Rats were subjected to a 2-week treatment with isopren-

aline (30 Ag/kg/h). The first group (n= 9) did not receive

any other treatment, the second group (n= 9) received a

concomitant treatment with bisoprolol (50 mg/kg/day) and
the third group (n = 9) was pretreated with salbutamol (40

Ag/kg/h) for 1-week immediately before starting the 2-week

treatment with isoprenaline. At the end of these treatments,

rats were anaesthetized deeply (sodium pentobarbital 60 mg/

kg i.p.), and their hearts were removed and weighted. After

fixation with formalin and inclusion in paraffin, the hearts

were cut into coronal slices at three levels, 200 Am apart,

from the apex to the base of each ventricle (using a H.M.340

E. Microtome, Microm France, Francheville). Transverse

sections (6 Am thick) were made at each level and stained

with Sirius red for morphometric studies and identification

of the collagen.

Quantitative morphometric analysis was performed

using an image analyser software (Lucia) coupled to a

high-resolution colour camera (Nikon, Champigny/Marne,

France) and to a macroviewer (Nikon). Left ventricle per-

centage of fibrosis was calculated at the three different levels

for each heart.

2.4. Statistics

Analysis of the different parameters was performed by

analysis of variance with one or two factors and compar-

isons between group were performed using the Neuman–

Keuls test. Results are expressed as meansF S.E.M. A

difference was considered to be statistically significant when

the P value was less than 0.05.

2.5. Chemicals

Isoprenaline, salbutamol, bisoprolol and propranolol

were from Sigma (St. Louis, MO, USA). [125I]Iodocyano-

pindolol was purchased from Amersham-Pharmacia Biotech

(Buckinghamshire, UK). CGP 20712A ((F )-2hydroxy-5-

[2-[[2-hydroxy-3[4-[1-methyl-4(trifluoromethyl)-1H-imida-

zol-2-yl]phenoxy]propyl]amino]ethoxyl-benzamide]metha-

nesulfonate) was a gift from Novartis (Basel, Switzerland).
3. Results

3.1. Preliminary experiments

3.1.1. b1-adrenoceptor blockade by bisoprolol

At baseline, the heart rate was significantly reduced

in animals treated with bisoprolol (50 mg/kg body weight

per day) compared to control animals (respectively

208.0F 23.2 beats/min versus 312.0F 17.2 beats/min,

P < 0.005). The maximal increase in response to isopren-

aline averaged 126.9F 14.2 beats/min in the control group

versus 96.0F 8.1 beats/min in the bisoprolol group (NS),

and the isoprenaline dose-response curve for bisoprolol

treated animals was shifted rightward relative to that of

control animals (EC50 = 0.13F 0.08 Ag/kg for the bisoprolol

group and EC50 = 2.22F 0.78 Ag/kg for the control group,

P < 0.05).



Fig. 2. Effects of chronic treatment with bisoprolol on heart rate variations

(meanF S.E.M.) in response to i.v. administration of increasing doses of

isoprenaline. Animals were divided into two groups: untreated control rats

(n= 5, .) and rats treated with bisoprolol at the dose of 50 mg/kg body

weight per day, in drinking water, for 2 weeks (n= 5, n).

Fig. 3. Effects of chronic treatment with bisoprolol or salbutamol on the

decrease of diastolic arterial blood pressure evoked by acute intravenous

administration of increasing doses of salbutamol. Animals were divided

into three groups: untreated control animals (n= 6, .); animals treated with

bisoprolol (50 mg/kg body weight per day) for 2 weeks (n= 6, n), and

animals treated with salbutamol (40 Ag/kg/h) for 1 week (n= 6, x).
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Reductions in arterial blood pressure caused by increas-

ing doses of salbutamol (0.05 Ag/kg to 10 Ag/kg, i.v.)

obtained in control and bisoprolol-treated animals were

not significantly different (see Figs. 2 and 3 and Table 1).

As shown in Fig. 3, the dose-response curve to salbutamol

on diastolic blood pressure fall in bisoprolol treated animals

was not shifted relative to that of control animals

(EC50 = 0.11F 0.05 Ag/kg for the bisoprolol group and

EC50 = 0.11F 0.05 Ag/kg for the control group). These

results confirm the selectivity of h1-adrenoceptor blockade

by such bisoprolol dose regimen.
Table 1

EC50 and Emax values for the effects of acute administration of isoprenaline

or salbutamol on heart rate and arterial blood pressure in rats chronically

treated with bisoprolol or pretreated with salbutamol

n Emax

(beats/min)

EC50

(Ag/kg)

Increase in heart Control 5 126.9F 14.23 0.13F 0.08

rate in response

to intravenous

isoprenaline

Bisoprolol

(50 mg/kg/day)

5 96.0F 8.1 2.22F 0.78a

n Emax

(mm Hg)

EC50

(Ag/kg)

Decrease in diastolic Control 6 46.66F 4.58 0.11F 0.05

blood pressure in Bisoprolol

(50 mg/kg/day)

6 38.4F 4.31 0.11F 0.05
response to

intravenous

salbutamol
Salbutamol

(40 Ag/kg/h)
6 51.3F 5.7 0.9F 0.2b

One-way analysis of variance (ANOVA) was performed to determine the

statistical significance of the changes caused by bisoprolol treatment in

isoprenaline-induced increase in heart rate and of those caused by

bisoprolol or salbutamol pretreatment in the decrease in arterial blood

pressure in response to acute intravenous administration of salbutamol.

Between groups, comparisons were performed using the Neuman–Keuls

test.
a P < 0.05 for bisoprolol versus control.
b P< 0.05 for salbutamol versus control.
3.1.2. b2-adrenoceptor desensitization

Baseline diastolic arterial blood pressure was slightly but

nonsignificantly higher in salbutamol group compared to

control group (100.0F 2.7 mm Hg versus 87.7F 6.2 mm

Hg, respectively, P= 0.09). The dose-response curve to

acute administration of salbutamol on diastolic arterial

blood pressure in animals already subjected to a 1-week

chronic treatment with this drug (40 Ag/kg/h) was shifted

rightward relative to that of control animals (see Fig. 3 and

Table 1), with an EC50 of 0.90F 0.20 and 0.11F 0.05 Ag/
kg, respectively (P < 0.05). Binding studies revealed a

significant down-regulation of h2-adrenoceptors averaging

59% in salbutamol-treated group (P < 0.005), and averaging

51% in isoprenaline-treated animals (P < 0.005) with a trend

toward an increase in the Kd value for this receptor subtype

in the isoprenaline-treated animals (P= 0.05, see Table 2).
Table 2

Characteristics of h1- and h2-adrenoceptor binding sites in left ventricle

membranes from rats treated chronically with saline (controls), isoprenaline

(30 Ag/kg/h) or salbutamol (40 Ag/kg/h)

h1 h2

Bmax Kd Bmax Kd

Controls 30.4F 1.6 0.040F 0.010 21.4F 0.5 0.013F 0.003

Isoprenaline 28.7F 3.0 0.033F 0.003 10.5F 0.7a 0.033F 0.007

Salbutamol 36.4F 3.2 0.023F 0.003 8.8F 0.4b 0.016F 0.003

Kd (in nM) and Bmax (in fmol [125I]ICYP specifically bound/mg membrane

protein) values are the meansF S.E.M. of five to seven independent

determinations.

One-way analysis of variance (ANOVA) was performed to determine the

overall statistical significance. Between groups, comparisons were

performed using the Neuman–Keuls test of changes caused by chronic

administration of isoprenaline or salbutamol.
a P< 0.05 for isoprenaline compared to control.
b P < 0.05 for salbutamol compared to control.
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In contrast, neither the number of h1-adrenoceptors nor their

affinity were significantly changed in the isoprenaline and

salbutamol groups. These results confirm the similar level of

h2-adrenoceptor selective desensitization with the chosen

dose regimen of salbutamol and of isoprenaline.

3.2. Cardiac remodeling and fibrosis study

Animals that received only a 2-week administration of

isoprenaline displayed a great extent of fibrosis in the apical

and middle region of their left ventricle compared with the

basal region (about 5.99F 1.27% and 3.07F 0.64%, re-

spectively versus 1.45F 0.43%, see Figs. 4A and 5). This

fibrosis was mainly located in the subendocardial area.

The extent of such isoprenaline induced left ventricular

fibrosis was dramatically and significantly reduced in both

bisoprolol treated animals and in salbutamol pretreated
Fig. 4. Morphometric analysis performed at three levels of the heart in rats

treated chronically with isoprenaline alone (30 Ag/kg/h, n= 9, 5), in

combination with bisoprolol (50 mg/kg/day, n= 9, m), or after a 1-week

pretreatment with salbutamol (40 Ag/kg/h, n= 9, l). (A) Left ventricular

fibrosis expressed as percent of left ventricular area. (B) Heart-to-body

weight ratio. Each bar is the meanF S.E.M. *P < 0.05 for bisoprolol

compared to control. #P < 0.05 for salbutamol compared to control.
+P < 0.05 for bisoprolol compared to salbutamol.

Fig. 5. Illustrations of left ventricular slices from rats treated chronically

with isoprenaline alone (30 Ag/kg/h, n= 9, A), in combination with

bisoprolol (50 mg/kg/day, n= 9, B), or after a 1-week pretreatment with

salbutamol (40 Ag/kg/h, n= 9, C).
animals compared to the control isoprenaline-treated group.

Statistical analysis revealed a highly significant difference

between control and both bisoprolol and salbutamol
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(P < 0.05) groups on the left ventricular fibrosis extent.

Such difference was maximal in the apical region since

extent of fibrosis is the highest at this level (Figs. 4A and 5).

Analysis of variance indicated a significant interaction

between groups and cardiac levels (apical, median and

basal). No difference could be detected between bisoprolol

and salbutamol groups (Figs. 4A and 5).

Heart-to-body weight ratio were significantly reduced in

both bisoprolol and salbutamol groups compared with con-

trol isoprenaline-treated group (0.30� 10� 2F 7.66� 10� 5,

0.27�10�2F 5.70� 10� 5, respectively versus 0.34� 10� 2

F 9.00� 10� 5, P < 0.005). This reduction was more pro-

nounced in salbutamol group (P < 0.005, see Fig. 4B).
4. Discussion

The aim of our study was to further investigate the

respective roles of h1- and h2-adrenoceptors in the catechol-

amine-induced cardiovascular remodeling and especially the

fibrotic replacement of myocytes. We used isoprenaline, a h-
adrenoceptor agonist devoided of a-adrenoceptor stimulato-

ry properties. Indeed, catecholamine-induced a-adrenocep-

tor stimulation induces vasoconstriction (a1 in coronary

arteries and a2 in microvascular vessels) and potentially

induces myocardial ischemia, then leading to tissular toxic

effects such as cardiomyocytes apoptosis, necrosis and

fibrosis. Our study selectively evaluated the effects of the

stimulation of the different h1- and h2-adrenoceptors avoid-

ing a-adrenoceptor-mediated vasoconstriction.

The main finding of the present study was that h1-

adrenoceptor blockade as well as down-regulation of h2-

adrenoceptors provided a similar protection against cardiac

remodeling (fibrosis formation) induced by administration

of isoprenaline in the rat.

Our preliminary experiments demonstrated that at the

dose used bisoprolol selectively blocked h1-adrenoceptors

and that pretreatment with salbutamol, a selective h2-adre-

noceptor agonist causes desensitization of h2-adrenoceptors.

Binding experiments showed that pretreatment with salbu-

tamol decreased by 59% h2-adrenoceptor density, without

affecting h1-adrenoceptor density. Since our previous

experiments (Brouri et al., 2002) suggested that the iso-

prenaline-induced cardiac fibrosis was mainly related to

h1-adrenoceptor stimulation, we anticipated that h1-
adrenoceptor blockade would prevent such cardiac fibrosis

while h2-adrenoceptor desensitization would not affect it.

Indeed, in our previous experiments, cardiac fibrosis induced

by isoprenaline was obtained despite the down-regulation of

h2-adrenoceptors without significant density reduction of

h1-adrenoceptors, suggesting the proeminent role of h1-

adrenoceptors for the induction of cardiac fibrosis. Our

present experiments confirm that h1-adrenoceptor blockade

indeed may prevent the isoprenaline induced cardiac fibro-

sis, but also, that down-regulation of h2-adrenoceptors

provides a similar protection. Such result was unexpected.
The results of binding experiments are consistent with

those obtained in our previous study (Brouri et al., 2002) in

which chronic isoprenaline administration down-regulated

preferentially h2-adrenoceptors (� 50%) without affecting

h1-adrenoceptors. The underlying mechanism of differential

regulation of h-adrenoceptor subtypes remains unclear at

present, but is likely to be based on the fact that h1- and h2-

adrenoceptors on the same cell type responded differently to

agonist stimulation. Implicitly, different amino acid sequen-

ces in the receptors allow for differential protein structure,

function, and regulation. Mutagenesis studies have estab-

lished that tyrosine residues in the carboxy terminal tail of

cell surface h2-adrenoceptors are implicated in receptors

endocytosis through coated pits (Ktistakis et al., 1990).

Valiquette et al. (1990) reported that when two tyrosine

residues in the carboxyl tail of the human h2-adrenoceptors

are replaced with alanine, h2-adrenoceptors down-regula-

tion is significantly blunted. In contrast, human h1-adreno-

ceptors lack any tyrosine residues in the cytoplasmic tail

(Suzuki et al., 1992). One inherent difference is the efficacy

of h1- and h2-adrenoceptor coupling to Gs and adenylate

cyclase that has been identified and mapped, at least in part,

to the third intracellular loop (Bristow et al., 1989; Levy et

al., 1993; Green et al., 1992). This region of the h1-

adrenoceptor is considerably longer than the corresponding

region of the h2-adrenoceptor because of the presence of an

unusually proline-rich sequence that has been implicated as

a negative modulator of h1-adrenoceptor-Gs coupling (i.e.,

its removal improves h1-adrenoceptor-Gs coupling, whereas

its insertion into the h2-adrenoceptor impairs h2-adrenocep-

tor-Gs coupling; Green and Liggett, 1994). In fact h2-

adrenoceptors are more tightly coupled to Gs and physio-

logical responsiveness than the h1-adrenoceptors (Bristow

et al., 1989; Levy et al., 1993; Green et al., 1992). Another

mechanism that could explain subtype differences in h-
adrenoceptor down-regulation is differences in the rate of

synthesis or degradation between subtypes. In this regard,

the half-life for h1-adrenoceptor is two times greater than for

h2-adrenoceptor in unstimulated C6 glioma cells (Neve and

Molinoff, 1986).

The left ventricular fibrosis was mainly extended in the

apical myocardium, and in the subendocardial region of the

left ventricle. In a previous study (Mori et al., 1993), in

which contractile and metabolic responses to various adre-

noceptor stimuli and h-adrenoceptor density were compared

between left ventricular basal and apical regions in mongrel

dogs, constant infusion of noradrenaline produced a greater

response in normalised end-systolic length in the apical

myocardium than in basal region and a greater increase in

tissue cyclic AMP. In the rat, h-adrenoceptor density in the

apical region is greater than in the basal region (Mori et al.,

1993). In the normal human ventricle, the greatest h-
adrenoceptor density was observed autoradiographically in

the subendocardial myocytes (Murphree and Saffitz, 1989).

Therefore, such higher density of h-adrenoceptors in the

apical and subendocardial myocardial area mainly explain
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the preferential fibrosis localization observed under isopren-

aline administration in our experiments.

The morphometric study revealed a protection from left

ventricular fibrosis and cardiac hypertrophy in rats that

received the selective h1-adrenoceptor antagonist bisoprolol

(50 mg/kg/day) concomitantly with the 2-week chronic

isoprenaline treatment (30 Ag/kg/h) and in rats that were

chronically pretreated with salbutamol (40 Ag/kg/h) imme-

diately before the administration of isoprenaline. The reduc-

tion of fibrosis extent and heart-to-body weight ratio in the

bisoprolol group was expected since several clinical trials

studies have suggested that h1-adrenoceptor antagonists

improve cardiac performance and significantly reduce mor-

tality during heart failure (CIBIS II, 1999; Merit-HF, 1999).

In contrast, the decrease of both fibrosis extent in left

ventricle and heart-to-body weight ratio of rats pretreated

with salbutamol is unexpected. In our previous study, an

increase of fibrosis extent was obtained in animals subjected

to a 2-week administration of isoprenaline despite a h2-

adrenoceptor down-regulation of about 53% induced by this

compound (Brouri et al., 2002). In the present study, the

same chronic isoprenaline administration was performed

once the h2-adrenoceptors were down-regulated by about

59%. What emerges from these two studies is that the

protective effect of the h2-adrenoceptor desensitization was

obtained only when it occurred before the exposure to

isoprenaline. It suggests that, in the previous case, the level

of h2-adrenoceptor desensitization did not reach a sufficient

level early enough to be protective. Previous studies per-

formed in the rat (Lau et al., 1980; Long et al., 1993;

Gustafsson and Brunton, 2000) and more recently in humans

(Turner et al., 2003) revealed that cultured cardiac fibroblasts

express predominantly the h2-adrenoceptor subtype. Since

cardiac fibroblasts are responsible for synthesis and deposi-

tion of fibrillar collagens, proliferation of these cells can be

considered to be an important mechanism that adds to the

remodeling process. The proliferation of human (Turner et

al., 2003) and adult rat (Leicht et al., 2000) cultured cardiac

fibroblasts is enhanced in response to catecholamines via the

stimulation of h2-adrenoceptors. Nevertheless, the blockade

of h1-adrenoceptors by the selective antagonist bisoprolol

prevented this fibrosis replacement. These results strongly

suggest an involvement of both h1- and h2-adrenoceptors in

the development of interstitial cardiac fibrosis and further

complementary roles. The proliferation of human and rat

fibroblasts depends on a comitogenic action of a h2-adreno-

ceptor signaling pathway and growth factors such as epider-

mal growth factor (EGF), platelet-derived growth factor

(PDGF), transforming growth factor h (TGF-h) and angio-

tensinogen (Turner et al., 2003; Leicht et al., 2000). Further-

more, human and rat fibroblasts produce these growth factors

(Turner et al., 2003; Long et al., 1993; Fisher and Absher,

1995; Dostal et al., 2000). Since the stimulation of h1-

adrenoceptor induces the synthesis of renin which induces

the production of angiotensin II, and knowing that angioten-

sin II is directly responsible for the fibrosis development
(Robert et al., 1999) a possible explanation for our results is

that the stimulation of both the h1- and the h2-adrenoceptors

is necessary to induce the proliferation of cardiac fibroblasts

and the collagen synthesis. In addition, several experimental

models of h2-adrenoceptor overexpression are associated

with a rapidly progressive fibrosis (Liggett et al., 2000; Du

et al., 2000) and cardiac hypertrophy (Liggett et al., 2000).

The present experiments do not allow to speculate further

concerning the causes of protection by previous desensitiza-

tion of h2-adrenoceptors.

The present study is the first to show a protective action

of previous h2-adrenoceptor desensitization in a model of

chronic exposure to catecholamines. Moreover, it provides

the evidence that both h1- and h2-adrenoceptors are in-

volved in the fibrosis process during cardiac remodeling

induced by catecholamines. A possible relevance of the

observed desensitization of h2-adrenoceptor could be a

potential difference in efficacy (or toxicity) of h-adrenocep-
tor blockers, used for treatment in heart failure, according to

their pharmacological profile, in particular their degree of

selectivity for h1-adrenoceptors. Selective h1-adrenoceptor

blockers would allow h2-adrenoceptor stimulation (and

subsequent desensitization) by endogenous catecholamines,

while nonselective h-adrenoceptor antagonists would block

equally both h1- and h2-adrenoceptors, thus curtailing the

beneficial effect of h2-adrenoceptor desensitization. This

interpretation is supported by the results of the published

COMET trial (Poole-Wilson et al., 2002), which compared

carvedilol (nonselective) and metoprolol (h1 selective).
References

Bonnefont-Rousselot, D., Mahmoudi, A., Mougenot, N., Varoquaux, O.,

Le Naour, G., Fouret, P., Lechat, P., 2002. Catecholamine effects on

cardiac remodeling, oxidative stress, fibrosis and apoptosis in experi-

mental heart failure. Redox Rep. 3, 145–151.

Bristow, M.R., Hershberger, R.E., Port, J.D., Minobe, W., Rasmussen, R.,

1989. h1- and h2-adrenergic receptor-mediated adenylate cyclase stim-

ulation in nonfailing and failing human ventricular myocardium. Mol.

Pharmacol. 35, 295–303.

Brouri, F., Findji, L., Mediani, O., Mougenot, N., Hanoun, , N.Le Naour,

G., Hamon, M., Lechat, P., 2002. Toxic effects of catecholamines: role

of h-adrenoceptor downregulation. Eur. J. Pharmacol. 456, 69–75.

Dostal, D.E., Booz, G.W., Baker, K.M., 2000. Regulation of angiotensi-

nogen gene expression and protein in nonatal rat cardiac fibroblasts by

glucocorticoid and beta-adrenergic stimulation. Basic Res. Cardiol. 95,

485–490.

Du, X.-J., Autelitano, D.J., Dilley, R.J., Wang, B., Dart, A.M., Wood-

cook, E.A., 2000. h2-Adrenergic receptor overexpression exacerbates

development of heart failure after aortic stenosis. Circulation 101,

71–77.

Fabre, V., Boni, C., Mocaer, E., Lesourd, M., Hamon, M., Laporte, A.M.,

1997. [3H]Alnespirone: a novel specific radioligand of 5-HT1A recep-

tors in the rat brain. Eur. J. Pharmacol. 337, 297–308.

Finney, P.A., Belvisi, M.G., Donnelly, L.E., Chuang, T.T., Mak, J.C.W.,

Scorer, C., Barnes, P.J., Adock, I.M., Giembycz, M.A., 2000. Albuterol-

induced down-regulation of Gsa accounts for pulmonary h2-adrenocep-

tor desensitization in vivo. J. Clin. Invest. 106, 125–135.

Fisher, S.A., Absher, M., 1995. Norepinephrine and ANG II stimulate



F. Brouri et al. / European Journal of Pharmacology 485 (2004) 227–234234
secretion of TGF-h by neonatal rat cardiac fibroblasts in vitro. Am. J.

Physiol. 268, C910–C917.

Green, S.A., Liggett, S.B., 1994. A proline-rich region of the third intra-

cellular loop imparts phenotypic beta1-versus beta2-adrenergic receptor

coupling and sequestration. J. Biol. Chem. 269, 26215–26219.

Green, S.A., Holt, B.D., Liggett, S.B., 1992. h1- and h2-adrenergic recep-

tors display subtype-selective coupling to Gs. Mol. Pharmacol. 41,

889–893.

Gustafsson, A.B., Brunton, L., 2000. h-Adrenergic Stimulation of rat car-

diac fibroblasts enhances induction of nitric-oxide synthase by interleu-

kin-1h via message stabilization. Mol. Pharmacol. 58, 1470–1478.

Ktistakis, N.T., Thomas, D., Roth, M.G., 1990. Characteristics of the ty-

rosine recognition signal for internalization of transmembrane surface

glycoproteins. J. Cell Biol. 111, 1393–1407.

Lau, Y.H., Robinson, R.B., Rosen, M.R., Bilezikian, J.P., 1980. Subclassi-

fication of beta-adrenergic receptors in cultured rat cardiac myoblasts

and fibroblasts. Circ. Res. 47, 41–48.

Lechat, P., Packer, M., Chalon, S., Cucherat, M., Arab, T., Boissel, J.P.,

1998. Clinical effects of beta-adrenergic blockade in chronic heart fail-

ure: a meta-analysis of double-bind, placebo-controlled, randomized

trials. Circulation 98, 1184–1191.

Leicht, M., Greipel, N., Zimmer, H.-G., 2000. Comitogenic effect of cat-

echolamines on rat cardiac fibroblasts in culture. Cardiovasc. Res. 48,

274–284.

Levy, F.O., Zhu, X., Kaumann, A.J., Birnbaumer, L., 1993. Efficacy of h1-

adrenergic receptors is lower than that of h2-adrenrgic receptors. Proc.

Natl. Acad. Sci. U. S. A. 90, 10798–10802.

Liggett, S.B., Tepe, N.M., Lorenz, J.N., Canning, A.M., Jantz, T.D., Mitarai,

S., Yatani, A., Dorn II, G.W., 2000. Early and delayed consequences of

beta(2)-adrenergic receptor overexpression in mouse hearts: critical role

for expression level. Circulation 101, 1707–1714.

Long, C.S., Hartogensis, W.E., Simpson, P.C., 1993. h-Adrenergic stim-

ulation of cardiac non-myocytes augments the growth-promoting ac-

tivity of non-myocyte conditioned medium. J. Mol. Cell. Cardiol. 25,

915–925.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein

measurements with the Folin phenol reagent. J. Biol. Chem. 19,

265–275.

Metoprolol CR/XL Randomised Intervention Trial in Congestive Heart
Failure (MERIT-HF), 1999. Effects of metoprolol CR/XL in chronic

heart failure. Lancet 353, 2001–2007.

Mori, H., Ishikawa, S., Kojima, S., Hayashi, J., Watanabe, Y., Hoffman,

J.I., Okino, H., 1993. Increased responsiveness of left ventricular apical

myocardium to adrenergic stimuli. Cardiovasc. Res. 27, 192–198.

Murphree, S.S., Saffitz, J.E., 1989. Distribution of h-adrenergic receptors

in failing human myocardium: implications for mechanisms of down-

regulation. Circulation 79, 1214–1225.

Neve, K.A., Molinoff, P.B., 1986. Turnover of h1- and h2-adrenergic re-

ceptors after down-regulation or irreversible blockade. Mol. Pharmacol.

30, 104–111.

Poole-Wilson, P.A., Cleland, J.G., Di Lenarda, A., Hanrath, P., Komajda,

M., Metra, M.J., Remme, W., Swedberg, K., Torp-Pedersen, C., 2002.

Rationale and design of the carvedilol or metoprolol European trial in

patients with chronic heart failure: COMET. Eur. J. Heart Fail. 4,

321–329.

Robert, V., Heymes, C., Silvestre, J.S., Swynghedaw, B., Delcayre, C.,

1999. Angiotensin AT1 receptor subtype is a cardiac target of Aldo,

role in Aldo-Salt induced fibrosis. Hypertension 4, 981–986.

Suzuki, T., Nguyen, C.T., Nantel, F., Bonin, H., Valiquette, M., Frielle, T.,

Bouvier, M., 1992. Distinct regulation of h1- and h2-adrenergic recep-

tors in Chinese hamster fibroblasts. Mol. Pharmacol. 41, 542–548.

The Cardiac Insufficiency Bisoprolol Study II (CIBIS II), 1999. A random-

ized trial. Lancet 353, 9–13.

The Metoprolol in Dilated Cardiomyopathy (MDC) Trial Study Group,

1998. 3-year follow-up of patients randomised in the Metoprolol in

Dilated Cardiomyopathy Trial. Lancet 351, 1180–1181.

Turner, N.A., Porter, K.E., Smith, W.H.T., White, H.L., Ball, S.G., Balm-

forth, A.J., 2003. Chronic h2-adrenergic receptor stimulation increases

proliferation of human cardiac fibroblasts via an autocrine mechanism.

Cardiovasc. Res. 57, 784–792.

Valiquette, M., Bonin, H., Hnatowich, M., Caron, M.G., Lefkowitz, R.J.,

Bouvier, M., 1990. Involvement of tyrosine residues located in the

carboxyl tail of the human h2-adrenergic receptor in agonist-induced

down-regulation of the receptor. Proc. Natl. Acad. Sci. U. S. A. 87,

5089–5093.

Waagstein, F., Hjalmarson, A., Varnauskas, E., Wallentin, I., 1975. Effect

of chronic beta-adrenergic receptor blockade in congestive heart failure.

Br. Heart J. 37, 1022–1036.


	Blockade of beta1- and desensitization of beta2-adrenoceptors reduce isoprenaline-induced cardiac fibrosis
	Introduction
	Materials and methods
	Chronic stimulation of beta1- and beta2-adrenoceptors (Fig. 1)
	Preliminary experiments
	Selective stimulation of the beta2-adrenoceptors
	Selective beta1-adrenoceptor stimulation, beta2-adrenoceptor desensitization
	beta-adrenoceptor binding studies to assess beta-adrenoceptor desensitization

	Main study (see Fig. 1)
	Quantification of fibrosis

	Statistics
	Chemicals

	Results
	Preliminary experiments
	beta1-adrenoceptor blockade by bisoprolol
	beta2-adrenoceptor desensitization

	Cardiac remodeling and fibrosis study

	Discussion
	References


