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Different Effects on Inhibition of Cardiac Hypertrophy 
in Spontaneously Hypertensive Rats by Monotherapy 

and Combination Therapy of Adrenergic Receptor 
Antagonists and/or the Angiotensin II Type 1 Receptor 
Blocker under Comparable Blood Pressure Reduction

Takae ASAI, Toshio KUSHIRO, Hirotaka FUJITA, and Katsuo KANMATSUSE

To confirm that � 1, �  adrenoceptor antagonists and angiotensin II type 1 receptor blockers (ARBs) have

different abilities to attenuate progressive cardiac hypertrophy despite their comparable lowering of blood

pressure, we compared the effect of these agents alone or in combination on hypertensive cardiac hyper-

trophy. Eight-week-old spontaneously hypertensive rats (SHR) were divided into 7 groups. Single adminis-

tration of doxazosin, atenolol, or losartan, or half-dose combinations of these drugs were given orally for 6

weeks. The control group did not receive any drugs. The heart weight-to-body weight ratio (HW/BW), left

ventricular mass index (LVMI), plasma brain natriuretic peptide (BNP) and left ventricular BNP mRNA

expression were measured after 6-week administration. Blood pressure did not differ among the drug-

treated groups, all of which showed lower blood pressure than the control group. The HW/BW and LVMI of

the drug-treated groups, except the doxazosin group, were lower than in the control group. Moreover, the

LVMI values of the groups receiving losartan were significantly lower than those in the groups without losar-

tan (

 

p

 

<

 

0.05). Plasma BNP of the drug-treated groups was lower than that in the control group (

 

p

 

<

 

0.05). The

left ventricular BNP mRNA expression of the drug-treated groups, except the doxazosin group, was lower

than that in the control group. The atenolol group showed a higher level of BNP mRNA than the groups

receiving losartan monotherapy or combination therapies (

 

p

 

<

 

0.05). In conclusion, the ARB had the stron-

gest attenuating effect on the development of hypertensive cardiac hypertrophy, and the � 1 and �  adren- 

ergic receptor blockers were more effective in combination than as monotherapies in SHR. (

 

Hypertens Res

 

2005; 28: 79–87)
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Introduction

 

As antihypertensive treatment has become increasingly com-
mon, the cardiovascular risks associated with hypertension
have declined. As a result, stroke incidence has also
decreased, and cardiac hypertrophy and its progression to

heart failure now have a serious influence on life prognosis
and quality of life. Cardiac hypertrophy is also an indepen-
dent risk factor for ischemic heart diseases, arrhythmia, sud-
den death, and other problems (

 

1

 

). Therefore, antihyperten-
sive treatments should aim not only to lower blood pressure
but also to prevent target organ damage. In particular, treat-
ments with preventive or regressing effects on cardiac hyper-
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trophy are desirable.
The mechanism by which cardiac hypertrophy develops

involves both mechanical and neurohumoral factors (

 

2

 

, 

 

3

 

).
Mechanical factors induce hypertrophy of myocytes, intersti-
tial fibrosis, and collagen accumulation. Neurohumoral fac-
tors include angiotensin II, catecholamine, endothelin, and
cytokines.

The sympathetic nervous system (SNS) and the renin
angiotensin system (RAS) are both believed to be related to
the development of cardiac hypertrophy (

 

4

 

−

 

8

 

). Norepineph-
rine has been reported to induce cardiac hypertrophy through

 

α

 

1 adrenergic receptors (

 

9

 

) and to induce cardiac hypertrophy
through 

 

β

 

 adrenergic receptors in cultured cardiomyocytes
(

 

4

 

). There have also been reports of intrinsic catecholamine-
producing cells in the heart (

 

10

 

). Angiotensin II accelerates
myocardial hypertrophy and collagen accumulation through
angiotensin II type 1 (AT1) receptors (

 

11

 

, 12). The presence
of tissue RAS has been identified in several organs (13), and
it may contribute to cardiac hypertrophy (6, 7).

Suppression of α1 and β adrenergic receptors, and AT1
receptors, is believed to inhibit the progress of cardiac hyper-
trophy. However, in antihypertensive treatment with selective
receptor blockers, intrinsic agonists that are increased through
feedback mechanisms may influence receptor function that is
not affected by antagonists. For example, catecholamines
increased by the α1 adrenergic receptor antagonist may stim-
ulate unopposed β adrenergic receptors. Consequently, a bet-
ter antihypertrophic effect is expected by suppressing several
systems simultaneously by combined administration of both
SNS and RAS receptor blockers. It has been reported that the
antihypertrophic effect differs according to the class of anti-
hypertensive agent (14, 15). Moreover, combination therapies
have been shown to confer better protection against cardiac
hypertrophy than monotherapies (16, 17). However, there is a
dearth of information on which classes of antihypertensive
agents in what combination are preferable.

Brain natriuretic peptide (BNP) has been shown to be a
marker of cardiac hypertrophy (18, 19) and a risk factor for
cardiovascular events in hypertension (20). However, there
have been few reports comparing the cardiac antihypertrophic
effect, in connection with BNP, between monotherapy and

combination therapy under comparable blood pressure reduc-
tion. The present study examined the effects of α1, β adrener-
gic receptor antagonists and the AT1 receptor blocker (ARB),
alone or in combination, on the development of cardiac
hypertrophy under comparable blood pressure reduction in
spontaneously hypertensive rats (SHR).

Methods

Materials and Experimental Design

We followed the Guidelines for Animal Experimentation of
the Nihon University School of Medicine. Eight-week-old
male SHR (Funabashi Farm, Chiba, Japan) were exposed to a
12-h environmental light cycle, 24°C temperature, and 40%
humidity with free access to standard rat food (Oriental Yeast
Co., Ltd., Tokyo, Japan) and tap water in individual cages for
the 6-week experimental period.

Doxazosin (Pfizer Inc., New York, USA) was used as an
α1 adrenergic receptor blocker, atenolol (Sigma-Aldrich Co.,
St. Louis, USA) as a β blocker, and losartan (Banyu Pharma-
ceutical Co., Ltd., Tokyo, Japan) was used as an ARB. The
doxazosin was donated by Pfizer Inc. and the losartan was a
gift of Banyu Pharmaceutical Co., Ltd.

Doxazosin was mixed with drinking water. Atenolol and/or
losartan were mixed with drinking water in single administra-
tion and with food in combined administration. The drug con-
centration for each rat was calculated based on the mean
intake of food and water and mean body weight over 2 days,
so as to give the target dose.

Seventy-two male SHR were divided into 7 groups as fol-
lows. The control group (C group, n=9) received purified
water and normal rat food only. The monotherapy groups
were administered doxazosin 10 mg/kg/day (DXZ group,
n=11), atenolol 20 mg/kg/day (ATN group, n=11), or losar-
tan 10 mg/kg/day (LST group, n=12), respectively. The 2-
drug combination groups were administered doxazosin 5 mg/
kg/day and atenolol 10 mg/kg/day (DXZ+ATN group, n=9),
or doxazosin 5 mg/kg/day and losartan 5 mg/kg/day
(DXZ+LST group, n=11), respectively. The 3-drug combi-
nation group received doxazosin 5 mg/kg/day, atenolol 10

Table 1. Oligonucleotide Primer Sequences and Cycling Conditions of BNP and GAPDH for the Quantitative Real Time Poly-
merase Chain Reaction

mRNA
Reference
number

Primer sequence
Product 
size (bp)

Denaturation
temp.

(°C)/time(s)

Annealing
temp.

(°C)/time(s)

Extension 
temp.

(°C)/time(s)

Cycle
number

BNP 24 F: 5′-CTGGGAAGTCCTAGCCAGTCTCCA-3′ 250 93/30 53/30 73/60 30
R: 5′-GCGACTGACTGCGCCGATCCGGTC-3′

GAPDH 25 F: 5′-AGATCCACAACGGATACATT-3′ 305 94/60 65/60 72/180 30
R: 5′-TCCCTCAAGATTGTCAGCAA-3′ 60/60

BNP, brain natriuretic peptide; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; F and R stand for forward and reverse primers,
respectively, in 5′→3′ orientation; bp, base pairs; temp., temperature.
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mg/kg/day, and losartan 5 mg/kg/day (DXZ+ATN+LST
group, n=9).

Previous studies using SHR have reported that 10 mg of
doxazosin reduced blood pressure approximately 60 mmHg,
50 mg of atenolol reduced blood pressure 40 mmHg, and 10
mg of losartan lowered blood pressure 40 mmHg (21, 22). To
achieve an equivalent blood pressure-lowering effect with
these antihypertensive agents, a pilot study was conducted.
Ten mg of doxazosin was administered orally and found to
decrease blood pressure approximately 20 mmHg, and both
20 mg of atenolol and 10 mg of losartan also lowered blood
pressure to the same extent, respectively. Similarly, it was
confirmed that the combinations of a half dose of doxazosin
and a half dose of either or both of the other two drugs
reduced blood pressure to the same degree.

Measurement of Body Weight (BW), Systolic
Blood Pressure (SBP), and Pulse Rate (PR)

BW was measured weekly in the morning throughout the 6-
week administration period, together with SBP and PR by the
tail-cuff method using a Rat Tail Manometer Tachometer
System (KN-210-1; Natsume Seisakusho, Tokyo, Japan).

Measurement of Left Ventricular Mass Index
(LVMI) by Echocardiography

Echocardiographic studies (Aloka Echo Camera SSD-1200;
Aloka Co., Ltd., Tokyo, Japan) were performed with a 7.5-
MHz probe (UST 957-7.5; Aloka Co., Ltd.) under anaesthesia
after shaving of the rat’s chest. Measurements were per-
formed before drug administration (at 8 weeks of age) and at
the end of the 6-week administration period (at 14 weeks of
age). Interventricular septum wall thickness, posterior wall
thickness, and left ventricular end diastolic dimension were
all measured using M-mode long-axis imaging. LVMI was
calculated after the measurements by the Devereux method
(23) and adjusted by body weight.

Measurement of Plasma BNP (pBNP) and Angio-
tensin II

After measurement of blood pressure at the end of the admin-
istration period, a catheter (PE-50; Becton and Dickinson Co.,
Franklin Lakes, USA) was inserted into the right carotid
artery under ether anaesthesia and was subcutaneously fixed
to the skin between the scapulas. Twenty-four hours after fix-
ing of the catheter, pBNP (immunoradiometric assay) and
angiotensin II (double antibody radioimmunoassay) were
measured in the blood sample collected through the catheter.

Measurement of the Heart Weight-to-Body Weight
Ratio (HW/BW)

After blood collection and extraction and weighing of the
heart, HW/BW was calculated.

Measurement of Left Ventricular BNP mRNA
Expression by Quantitative Real-Time Poly-
merase Chain Reaction (PCR)

After the heart was weighed, the left ventricle was cut at the
papillary muscle level, and its apex was frozen with liquid
nitrogen. Total RNA was extracted and left ventricular BNP
mRNA expression was examined by quantitative real-time
PCR assay with SYBR Green Reagents (Applied Biosystems,
Foster City, USA). Table 1 shows the primer sequences and
PCR conditions of each gene used in this study (24, 25).

Extraction of RNA
One hundred mg of myocardial tissue was homogenized in 1
ml Trizol Reagent (Molecular Research Center Inc., Cincin-
nati, USA) and 2 µl MICROCARRIER GEL-TR (Molecular
Research Center Inc.). The total RNA was identified by a bio-
analyzer (Agilent Technologies, Palo Alto, USA) and kept at
-80°C.

cDNA Synthesis
RNA was extracted again and was purified with the RQ1
RNase-Free DNase Kit (Promega, Madison, USA). Then,

Table 2. Body Weight, Systolic Blood Pressure, and Pulse Rate of Untreated Spontaneously Hypertensive Rats (SHR) and SHR
Treated with Monotherapy and Combination Therapy by Doxazosin, Atenolol, and/or Losartan for 6 Weeks

CNT
(n=9)

DXZ
(n=11)

ATN
(n=11)

LST
(n=12)

DXZ+ATN
(n=9)

DXZ+LST
(n=11)

DXZ+ATN+LST
(n=9)

BW (g) 320.5±4.0 318.0±6.2 316.2±1.9 310.4±6.2 309.8±8.4 321.6±3.6 317.8±4.4
SBP (mmHg) 202.2±5.9 184.8±3.1* 184.0±2.4* 178.7±3.3* 184.2±2.6* 179.8±2.4* 180.0±2.8*
PR (bpm) 384.1±8.2 379.3±10.6 337.3±3.5*,†,§ 388.4±7.3 347.0±5.0*,†,§ 354.2±6.9 338.4±7.5*,†,§

Values are expressed as the means±SEM. BW, body weight; SBP, systolic blood pressure; PR, pulse rate; bpm, beat per minute; CNT,
control; DXZ, doxazosin; ATN, atenolol; LST, losartan; DXZ+ATN, combination of doxazosin and atenolol; DXZ+LST, combination
of doxazosin and losartan; DXZ+ATN+LST, combination of doxazosin, atenolol, and losartan. *p<0.05 vs. CNT; †p<0.05 vs. DXZ;
§p<0.05 vs. LST.
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cDNA was synthesized from 2 µg of the stored total RNA
using the First-strand cDNA Synthesis Kit (Amersham Bio-
sciences Co., Pitscataway, USA) and was stored at -80°C.

Preparation of Standard cDNA
PCR amplification was performed for each gene under the
conditions shown in Table 1 using the Gene Amp PCR
System 9700 (Applied Biosystems) with the Amplitaq Gold
for 10 × PCR with a dNTP Kit (Applied Biosystems). After
electrophoretic identification, the target band of cDNA was
extracted and was purified with the GENECLEAN Kit (Q Bio-
gene, Irvine, USA). The second PCR was performed using the
PCR products. The resulting PCR-product was purified using
the QIA Quick PCR Purification Kit (QIAGEN, Hilden, Ger-
many), and was identified by electrophoresis. The concentra-
tion of the PCR-product was assessed at 260 nm with a
spectroscope (Biotech Ultrospec 2000; Amersham Bio-
sciences Co.), after which the copy number per µl of standard
cDNA was calculated and the product was stored at -80°C.
Before use, RNase-free water was used to prepare a serial dilu-
tion of 106 copies down to 103 copies of each standard cDNA.

Quantitative Real-Time PCR
Quantitative real-time PCR analysis was carried out using the
Gene Amp 5700 Sequence Detection System (Applied Bio-
systems) with SYBR Green Reagents (Applied Biosystems).

Amplifications were performed in a 20 µl volume containing
either the unknown cDNA sample or standard cDNA diluted
at each concentration according to the PCR conditions shown
in Table 1. An RNA sample not subjected to the reverse tran-
scription reaction was used as a negative control. A nontem-
plate control was run with every assay, and all determinations
were performed at least twice independently so as to achieve
reproducibility. The absence of dimer primer formation was
verified by the dissociation curve.

At the end of the PCR, the Gene Amp 5700 Sequence
Detector System software saved the results for analysis. The
number of each mRNA was normalized with that of glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), which was
used as the internal standard.

Statistical Analysis

Results are expressed as the mean±SEM. All statistical anal-
yses were performed using commercially available statistical
software (StatView version 5.0; SAS Institute, Cary, USA). A
p value of less than 0.05 was considered statistically signifi-
cant. One-way factorial ANOVA followed by Student-New-
man-Keuls post hoc test was used for multiple comparisons
among the groups when a significant difference was present.
The Z transformation was used for comparison of correlation
coefficients.

Fig. 1. Heart weight-to-body weight ratio (HW/BW) of
untreated spontaneously hypertensive rats (SHR) and SHR
treated with monotherapy and combination therapy by dox-
azosin, atenolol, and/or losartan for 6 weeks. CNT, control;
DXZ, doxazosin; ATN, atenolol; LST, losartan; DXZ+ATN,
combination of doxazosin and atenolol; DXZ+LST, combina-
tion of doxazosin and losartan; DXZ+ATN+LST, combina-
tion of doxazosin, atenolol, and losartan. The number of
animals is indicated in Table 2. *p<0.0005 vs. CNT;
†p<0.05 vs. DXZ.

Fig. 2. Left ventricular mass index (LVMI) of untreated
spontaneously hypertensive rats (SHR) and SHR treated with
monotherapy and combination therapy by doxazosin,
atenolol, and/or losartan for 6 weeks. CNT, control; DXZ,
doxazosin; ATN, atenolol; LST, losartan; DXZ+ATN, combi-
nation of doxazosin and atenolol; DXZ+LST, combination of
doxazosin and losartan; DXZ+ATN+LST, combination of
doxazosin, atenolol, and losartan. The number of animals is
indicated in Table 2. *p<0.0001 vs. CNT; †p<0.0001 vs.
DXZ; ‡p<0.05 vs. ATN; ||p<0.05 vs. DXZ+ATN.
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Results

BW, SBP, and PR

Table 2 shows the values of BW (g), SBP (mmHg), and PR
(beats/min) after the 6 weeks of administration. Food intake,
drinking water, and BW during the experimental period did
not differ among the groups. The SBP values of the DXZ and
LST groups were not significantly different from that of the
C group at the end of 1st week of administration (9 weeks of
age). However, after the 2nd week of administration, the
SBP values of all groups receiving antihypertensive agents
were significantly lower than that in the C group (p<0.001),
and no significant differences were found among any of the
groups receiving drugs. After the 3rd week, the PR values
of all atenolol-administered groups, namely, the ATN,
DXZ+ATN, and DXZ+ATN+LST groups, were signifi-
cantly lower than those in the C, DXZ, and LST groups
(p<0.05). The PR values of the DXZ and LST groups did not
differ significantly from that of the C group during the 6
weeks of the experiment.

HW/BW

Figure 1 shows the HW/BW values after the 6 weeks of
administration. The HW/BW values of the ATN, LST,
DXZ+ATN, DXZ+LST, and DXZ+ATN+LST groups were
significantly lower than those in the C (p<0.0005) and DXZ
(p<0.05) groups .

LVMI by Echocardiography

Figure 2 shows the results of LVMI after the 6 weeks of
administration. The LVMI values of all drug-receiving
groups except the DXZ group (i.e., the ATN, LST,
DXZ+ATN, DXZ+LST, and DXZ+ATN+LST groups)
were significantly lower than those in the C and DXZ groups
(p<0.0001). Moreover, the groups receiving losartan (i.e., the
LST, DXZ+LST, and DXZ+ATN+LST groups) had signifi-
cantly lower LVMI than the ATN and DXZ+ATN groups
(p<0.05).

pBNP and Angiotensin II

Table 3 shows the values of pBNP and angiotensin II after the
6 weeks of administration. The pBNP values of all drug-
receiving groups were significantly lower than that in the C
group (p<0.05). The level of angiotensin II was significantly
higher in the LST group than in the C group (p<0.05). More-
over, the LST group had a significantly higher level of angio-
tensin II than the DXZ, ATN, and DXZ+LST groups
(p<0.05).

Left Ventricular BNP mRNA Expression

Figure 3 shows the results of left ventricular BNP mRNA
expression according to the quantitative real-time PCR assay.
The expressions of left ventricular BNP mRNA were signifi-
cantly lower in the ATN, LST, and combined-administration
groups (i.e., the DXZ+ATN, DXZ+LST, and DXZ+ATN+
LST groups) than in the C and DXZ groups (p<0.005). They
were also significantly lower in the LST and combined-
administration groups than in the ATN group (p<0.05).

Correlation between HW/BW, LVMI, pBNP, and
Left Ventricular BNP mRNA Expression

Figure 4 shows a simple correlation plot of HW/BW and
LVMI after the 6 weeks of administration (r=0.720,
p<0.0001). Figure 5A and B show significant positive corre-
lations between LVMI and pBNP (r=0.305, p=0.0230), and
between LVMI and left ventricular BNP mRNA expression
(r=0.668, p<0.0001) in all rats after 6-week administration.
The correlation coefficient between LVMI and left ventricu-
lar BNP mRNA expression was significantly stronger than
that between LVMI and pBNP (p<0.05). Similarly, HW/BW
showed significant positive correlations with pBNP
(r=0.438, p=0.0006) and with left ventricular BNP mRNA
expression (r=0.455, p=0.0004) (Fig. 5C and D). However,
no significant difference was found in the correlation coeffi-
cients of HW/BW with pBNP and of HW/BW with left ven-
tricular BNP mRNA expression.

Table 3. Plasma Angiotensin II and Brain Natriuretic Peptide of Untreated Spontaneously Hypertensive Rats (SHR) and SHR
Treated with Monotherapy and Combination Therapy by Doxazosin, Atenolol, and/or Losartan for 6 Weeks

CNT
(n=9)

DXZ
(n=11)

ATN
(n=11)

LST
(n=12)

DXZ+ATN
(n=9)

DXZ+LST
(n=11)

DXZ+ATN+LST
(n=9)

Ang II (pg/ml) 17.0±1.71 19.3±1.76 10.1±1.09 37.7±3.96*,†,‡,¶ 24.2±5.56 25.3±5.04 23.2±4.87
BNP (pg/dl) 129.1±18.9 89.1±10.9* 87.7±6.13* 85.0±7.16* 73.3±10.8* 77.0±8.43* 75.1±12.8*

Values are expressed as the means±SEM. Ang II, angiotensin II; BNP, brain natriuretic peptide; CNT, control; DXZ, doxazosin; ATN,
atenolol; LST, losartan; DXZ+ATN, combination of doxazosin and atenolol; DXZ+LST, combination of doxazosin and losartan;
DXZ+ATN+LST, combination of doxazosin, atenolol, and losartan. *p<0.05 vs. CNT; †p<0.05 vs. DXZ; ‡p<0.05 vs. ATN; ¶p<0.05 vs.
DXZ+LST.
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Discussion

Heart Weight, LVMI, pBNP, and Left Ventricular
BNP mRNA Expression as Indices of Cardiac
Hypertrophy

A clear positive correlation was found between heart weight
and LVMI, verifying the usefulness of this parameter as an
index of cardiac hypertrophy. Moreover, LVMI was correlated
with pBNP and with left ventricular BNP mRNA expression.
A stronger positive correlation was found between LVMI and
left ventricular BNP mRNA expression than between LVMI
and plasma BNP.

The main source of pBNP is the cardiac ventricle, and a
smaller proportion is derived from the atrium. Whereas BNP
is synthesized and secreted immediately following stimula-
tion in the atrium, in the cardiac ventricle it is secreted after
being stored in the secretory granules (26−28). Therefore,
pBNP reflects not only the immediate response in the atrium
but also chronic overload in the left ventricle. Therefore, it is
possible that the expression of left ventricle-localized BNP
mRNA more accurately reflects morphological changes of
the heart.

Analysis of Monotherapy

In the DXZ group, pBNP fell, but left ventricular BNP mRNA
expression did not decrease without suppression of cardiac
hypertrophy. The exact reason for this discrepancy is not
clear. There have been other reports that the expression of
BNP mRNA in the left ventricle reflects left ventricular
hypertrophy (29). Also, it has been reported that pBNP
increases in proportion to cardiac overload (30). Therefore, it
may be that in the case of monotherapy with the α1 adrenergic
receptor blocker, reduction of blood pressure strongly sup-
presses BNP derived from other chambers compared to BNP
from the left ventricle. Moreover, it is possible that during the
lowering of blood pressure by the α1 adrenergic receptor
blocker, adrenergic receptor agonists increased by feedback
mechanisms exert an effect on β receptors and obscure its car-
diac antihypertrophic effect. On the other hand, a previous
clinical study reported that doxazosin did not prevent heart
failure in hypertensive patients (31), and this finding may
have some relation to the present result that BNP mRNA was
not suppressed in the left ventricle in the DXZ group.

Heart weight, LVMI, pBNP, and left ventricular BNP
mRNA expression all declined in the LST and ATN groups,
indicating that both drugs are effective in suppressing the
development of hypertensive left ventricular hypertrophy.
Furthermore, LVMI and left ventricular BNP mRNA expres-
sion in the LST group were lower than those in the ATN
group. Therefore, losartan may be superior to atenolol in
suppressing hypertensive left ventricular hypertrophy. It is

Fig. 3. Brain natriuretic peptide (BNP) mRNA expression in
the left ventricle of untreated spontaneously hypertensive
rats (SHR) and SHR treated with monotherapy and combina-
tion therapy by doxazosin, atenolol, and/or losartan for 6
weeks. GAPDH, glyceraldehyde-3-phosphate-dehydroge-
nase; CNT, control; DXZ, doxazosin; ATN, atenolol; LST,
losartan; DXZ+ATN, combination of doxazosin and
atenolol; DXZ+LST, combination of doxazosin and losartan;
DXZ+ATN+LST, combination of doxazosin, atenolol, and
losartan. BNP mRNA level is corrected for mRNA of GAPDH
and is expressed as the ratio of BNP mRNA to GAPDH. The
number of animals is indicated in Table 2. *p<0.05 vs. CNT;
†p<0.005 vs. DXZ; ‡p<0.005 vs. ATN.

Fig. 4. Correlation between left ventricular mass index
(LVMI) and heart weight-to-body weight ratio (HW/BW) in
all spontaneously hypertensive rats after the 6-week experi-
mental period. The number of animals is indicated in Table
2. HW/BW is positively correlated with LVMI (r=0.720,
p<0.0001). × , CNT (control); �, DXZ (doxazosin); �, ATN
(atenolol); �, LST (losartan); ■, DXZ+ATN (combination of
doxazosin and atenolol); ▲, DXZ+LST (combination of dox-
azosin and losartan); ●, DXZ+ATN+LST (combination of
doxazosin, atenolol, and losartan).
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possible that a slight difference in blood pressure lowering
influenced suppression of cardiac hypertrophy. However,
according to the results of this study, the class of drugs, rather
than the degree of reduction in blood pressure, makes the
major contribution to the difference in suppression of cardiac
hypertrophy. A similar antihypertrophic effect of losartan was
also observed clinically as cardiovascular morbidity and mor-
tality in the Losartan Intervention for Endpoint Reduction in
Hypertension (LIFE) study (32).

Analysis of Monotherapy and Combination Ther-
apy of Adrenergic Receptor Blockers

No obvious left ventricular antihypertrophic effect was found

by doxazosin monotherapy, but doxazosin was effective in
combination with atenolol. It has been reported that collagen
mRNA expression and heart weight were significantly lower
in SHR receiving combination therapy with doxazosin and
atenolol than in those receiving doxazosin monotherapy,
although the blood pressure reduction was comparable (33).
Yamori et al. reported that hypertension and cardiac hypertro-
phy occurred with continuous infusion of norepinephrine in
SHR, and although blood pressure decreased with simulta-
neous administration of the α1 adrenergic receptor blocker,
the heart weights of the animals increased (34). They also
found that even though the blood pressure-reducing effect of
the β adrenergic receptor blocker was less than that of the α1
blocker, the increase of heart weight was inhibited by the β

Fig. 5. Correlation of left ventricular mass index (LVMI), heart weight-to-body weight ratio (HW/BW), plasma BNP (pBNP),
and left ventricular BNP mRNA expression in all spontaneously hypertensive rats after the 6-week experimental period. BNP,
brain natriuretic peptide; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase. × , CNT (control); �, DXZ (doxazosin); �,
ATN (atenolol); �, LST (losartan); ■, DXZ+ATN (combination of doxazosin and atenolol); ▲, DXZ+LST (combination of dox-
azosin and losartan); ●, DXZ+ATN+LST (combination of doxazosin, atenolol, and losartan). The BNP mRNA level is corrected
for mRNA of GAPDH and is expressed as the ratio of BNP mRNA to GAPDH. The number of animals is indicated in Table 2. A:
LVMI is positively correlated with pBNP (r=0.305, p=0.0230). B: LVMI is positively correlated with left ventricular BNP
mRNA (r=0.668, p<0.0001). C: HW/BW is positively correlated with pBNP (r=0.438, p=0.0006). D: HW/BW is positively cor-
related with left ventricular BNP mRNA (r=0.455, p=0.0004).
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adrenergic receptor blocker. It is possible that stimulation of
β adrenergic receptors is more closely related to the develop-
ment of cardiac hypertrophy than is stimulation of α1 recep-
tors in SHR.

Since left ventricular BNP mRNA expression by combina-
tion therapy with doxazosin and atenolol was significantly
lower than that by atenolol monotherapy, the antihypertrophic
effects may be enhanced when α1 and β adrenergic receptor
antagonists are combined. Similarly, it has been reported that
administration of carvedilol, which is an αβ adrenergic recep-
tor antagonist, inhibits the development of cardiac hypertro-
phy in SHR (35). It has been indicated that α1 adrenergic
receptor blockers reduce the unfavorable effect of β blockers
on insulin sensitivity and lipid metabolism (36). Based on our
present results, a combination therapy with adrenergic recep-
tor antagonists might be more effective in preventing hyper-
tensive organ damage than monotherapy with either the α1 or
the β adrenergic receptor antagonist.

Analysis of Combination Therapies of ARB and
Adrenergic Receptor Antagonists

In this study, heart weight, LVMI, pBNP, and left ventricular
BNP mRNA expression were decreased in the groups receiv-
ing losartan. Furthermore, there was no significant difference
in inhibition of the development of left ventricular hypertro-
phy between the combination therapies of losartan and adren-
ergic receptor antagonists and losartan monotherapy. This
result indicates that RAS plays an important role in the devel-
opment of cardiac hypertrophy. This superior effect of the
ARB may be partly related to its sympathetic nerve-suppress-
ing effect through AT1 receptors, as reported previously (37).
However, there was no significant change in heart rate among
the losartan-treated groups in the present study. This may
have been because suppression of SNS by the ARB is an indi-
rect effect, whereas that by the β adrenoceptor antagonist is a
direct effect on β adrenergic receptors. The parasympathetic
nervous system also influences heart rate, and thus the change
in heart rate may not have been pronounced in the losartan-
treated groups.

Since all drug-receiving groups displayed comparable anti-
hypertensive effects in the present study, the left ventricular
antihypertrophic effects observed with losartan may be
related, at least to some degree, to mechanisms not dependent
on blood pressure-lowering effects. There have been two
reports of cardiac antihypertrophic effects by angiotensin
converting enzyme inhibitors and ARBs even in doses that do
not influence blood pressure (38, 39). Plasma catecholamines
increase during administration of doxazosin by the feedback
mechanism and may stimulate β adrenergic receptors. By
combining doxazosin with atenolol, it is possible to avoid this
influence on β adrenergic receptors. Therefore, it is expected
that doxazosin works effectively in combination with
atenolol. However, in the present study doxazosin was more
effective in suppressing cardiac hypertrophy when given in

combination with losartan than when combined with atenolol.
Although the combination of atenolol and losartan was not

administered in this study, addition of atenolol to the combi-
nation of doxazosin and losartan did not lead to any obvious
difference compared to the combination of doxazosin and
losartan. Therefore, it can be inferred that the cardiac antihy-
pertrophic effects of atenolol and losartan in combination will
not be significantly greater than other combination therapies.

In conclusion, the ARB was shown to suppress hyperten-
sive cardiac hypertrophy in SHR more effectively than adren-
ergic receptor antagonists. With respect to the α1 and β
adrenergic receptor antagonists, they were more effective in
combination than when administered singly, under compara-
ble antihypertensive effects in SHR.
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