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Abstract

Objectives: B-Blockers are standard therapy for patients
with heart failure (HF). This study compared the effects of
chronic monotherapy with 2 different p-selective adreno-
ceptor blockers, namely atenolol and metoprolol succinate,
on left ventricular (LV) function and remodeling in dogs with
coronary microembolization-induced HF [LV ejection frac-
tion (EF) 30-40%]. Methods: Twenty HF dogs were random-
ized to 3 months of therapy with atenolol (50 mg once daily,
n = 6), metoprolol succinate (100 mg, once daily, n =7) or to
no therapy (control, n = 7). LV EF and volumes were mea-
sured before initiating therapy and after 3 months of thera-
py. The change (A) in EF and volumes between measure-
ments beforeand aftertherapywas calculatedand compared
among study groups. Results: In controls, EF decreased and
end-systolic volume increased. Atenolol prevented the de-
crease in EF and the increase in ESV. In contrast, metoprolol
succinate significantly increased EF and decreased end-sys-
tolic volume. AEF was significantly higher and Aend-systolic
volume significantly lower in metoprolol succinate-treated
dogs compared to atenolol-treated dogs (EF: 6.0 = 0.86% vs.

0.8 £ 0.85%, p < 0.05; end-systolic volume: -4.3 * 0.81 ml
vs. -1 £ 0.52 ml, p <0.05). Conclusions: In HF dogs, chronic
therapy with atenolol does not elicit the same LV function
and remodeling benefits as those achieved with metoprolol
succinate. Copyright © 2008 S. Karger AG, Basel

Introduction

-Adrenergic receptor blockers (3-blockers) are stan-
dard therapy for the medical management of chronic
heart failure (HF) [1-3]. In patients with HF, chronic 3-
blockade therapy exerts beneficial effects on left ventric-
ular (LV) function and global LV remodeling, and is as-
sociated with improved long-term survival in patients
with HF of all etiologies [4, 5]. However, it is not clear
whether all B-blockers share these benefits as a ‘class ef-
fect’ or whether different formulations exert different ef-
fects [6, 7]. To date, only 4 3-blockers, the nonselective
B1-/B,-/a;-blocker carvedilol and the selective B;-block-
ers controlled release/extended release (CR/XL) meto-
prolol succinate, bisoprolol and, more recently, nebivolol,
have been shown to be beneficial in large-scale controlled
randomized clinical trials and consequently approved for
the treatment of HF [1-3]. Atenolol, a selective 3;-blocker,
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is currently approved as an antihypertensive [8] and anti-
ischemic drug [9], but is commonly prescribed ‘off-label’
in patients with HF [10, 11], despite the absence of evi-
dence-based efficacy data in this patient population based
on the assumption that all 3-blockers share the same sal-
utary effects in the treatment of HF [12-15].

We previously showed that long-term monotherapy
with metoprolol CR/XL improves LV ejection fraction
(EF) and reduces LV end-systolic volume, indicators of
long-term morbidity and mortality, in dogs with chronic
HF [16]. Because atenolol is widely used in the treatment
of patients with HF, it seemed reasonable to compare its
effects on LV function and remodeling to those of meto-
prolol CR/XL in the same canine model of chronic HF.
In the present study, we compared the effects of long-
term monotherapy with atenolol to those of metoprolol
CR/XL on the progression of LV dysfunction and LV
global and cellular remodeling in dogs with intracoro-
nary microembolization-induced HF.

Methods

Experimental Model

The canine model of chronic HF used in this study was previ-
ously described in detail [17]. In this preparation, LV dysfunction
is produced by multiple sequential intracoronary microemboliza-
tions with polystyrene latex microspheres (70-102 wm in diam-
eter), which results in loss of viable myocardium. The model man-
ifests many of the hemodynamic and neurohormonal sequelae of
HF observed in humans, including marked and progressive de-
pression of LV systolic and diastolic function, reduced cardiac
outputand increased LV filling pressures, along with elevated lev-
els of circulating norepinephrine. In the present study, 20 healthy
mongrel dogs, weighing between 20 and 30 kg, underwent serial
coronary microembolizations to produce HF. Embolizations were
performed 1-3 weeks apart and discontinued when LV EF, deter-
mined angiographically, was between 30 and 40%. All procedures
were performed during cardiac catheterization under general an-
esthesia and sterile conditions. Induction of anesthesia was initi-
ated with intravenous administration of hydromorphone (0.22
mg/kg) and diazepam (0.17 mg/kg) and a plane of anesthesia was
maintained with 1-2% isofluorane. The study was approved by
the Henry Ford Health System Institutional Animal Care and Use
Committee and conformed to the National Institute of Health
Guide and Care for Use of Laboratory Animals.

Study Protocol

Two weeks after the last embolization, dogs underwent a pre-
randomization cardiac catheterization. One day later, dogs were
randomized to 3 months of oral monotherapy with atenolol (50
mg once daily, n = 6), metoprolol CR/XL (100 mg once daily, n =
7) or no therapy at all (control, n = 7). At the end of the follow-up
period, a final cardiac catheterization was performed. At the end
of the cardiac catheterization and while under general anesthesia,
the chest was opened and the heart rapidly removed for histo-
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logical and biochemical examination. LV tissue samples were ob-
tained from all 20 HF dogs as well as from 6 normal dogs (normal
group, n = 6) for comparisons.

Hemodynamic and Angiographic Measurements

Hemodynamic and angiographic measurements were made
at baseline, prior to any microembolizations, at the time of ran-
domization, prior to initiation of therapy (pretreatment) and at
the end of 3 months of therapy (posttreatment). Aortic and LV
pressures were measured with catheter-tip micromanometers
(Millar Instruments, Houston, Tex., USA). Pressures, and pres-
sure-derived parameters, were recorded using a Mennen Medi-
cal Horizon 9000 A/D data analysis and recording system. All
pressures and pressure-derived measures represented the aver-
age of consecutive pressure waveforms collected over 10-15 s.
Left ventriculograms were obtained with the dog placed on its
right side and recorded on 35-mm cinefilm at 30 frames/s dur-
ing the injection of 20 ml of contrast material (RENO-M-60;
Squibb, Princeton, N.J., USA). Correction for image magnifica-
tion was made with a radiopaque calibrated grid placed at the
level of the LV. LV end-systolic and end-diastolic volumes were
calculated from LV silhouettes using the area-length method
and LV EF was calculated as previously described [17]. Extrasys-
tolic and postextrasystolic beats were excluded from any of the
angiographic analysis. LV end-diastolic circumferential wall
stress was calculated as described previously [18]; the time con-
stant of isovolumic relaxation, T, was calculated as described by
Weiss et al. [19].

Histomorphometric Measurements

From each heart, 3 transverse slices (approximately 3 mm
thick), 1 each from basal, middle and apical thirds of the LV, were
obtained. From each slice, transmural tissue blocks were obtained
and embedded in paraffin blocks. Transmural tissue blocks were
also obtained from the free wall segment of the slice, mounted on
cork using Tissue-Tek embedding medium, and rapidly frozen in
isopentane precooled in liquid nitrogen and stored at -70°C until
used. The volume fraction of replacement fibrosis (VFRF), vol-
ume fraction of interstitial fibrosis (VFIF), myocyte cross-sec-
tional area (MCSA), a measure of cardiomyocyte hypertrophy,
capillary density and oxygen diffusion distance (ODD) were mea-
sured as previously described [20, 21].

mRNA and Protein Expression

mRNA expression of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), adenylyl cyclase 5 (AC5),
a-myosin heavy chain (a-MHC) and sarcoplasmic reticulum
Ca**-ATPase (SERCA-2a) was measured. Total RNA with an ab-
sorbance ratio (260 nm/280 nm) above 1.7 was isolated from
frozen LV tissue, and approximately 4-10 pg RNA was reverse
transcribed into cDNA in an assay volume of 80 pl as described
previously [22]. mRNA expression of a-MHC was measured by
amplification of cDNA by reverse transcriptase polymerase
chain reaction followed by digestion with Pstl restriction en-
zyme as described previously [23]. Fluorescent band intensity
was quantified using a Bio-Rad GS-670 imaging densitometer
and expressed in densitometric units. Protein levels of B;-adren-
ergic receptor (;-AR), brain natriuretic peptide (BNP) and
SERCA-2a were measured in sodium dodecyl sulfate LV homog-
enate prepared from LV powder by Western blots as described
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Table 1. Baseline hemodynamic and angiographic measures

Control ~ Atenolol Metoprolol
(n=7) (n=26) CR/XL (n=7)
HR, beats/min 87+*1 80*2 85+3
Mean AoP, mm Hg 712 72%2 79*4
LVEDP,mmHg 11x1 11*+1 11+1
LV EDV, ml 53*+1 522 54+1
LV ESV, ml 25+1 26%2 26*1
LV EF, % 51%2 51%2 512
Wall stress, g/cm? 40=*3 41 %2 43+2
T, MS 31x1 32x1 33x+1

HR = Heart rate; AoP = aortic pressure; EDP = end-diastolic
pressure; EDV = end-diastolic volume; ESV = end-systolic vol-
ume.

Table 2. Hemodynamic and angiographic measures before- and
after treatment

Before After p value
treatment treatment

Control (n=7)
HR, beats/min 84+2 842 0.851
Mean AoP, mm Hg 73+3 76+ 4 0.668
LV EDP, mm Hg 14%1 15%1 0.356
LV EDV, ml 60t1 63t1 0.006
LV ESV, ml 38+1 44+1 <0.001
LV EF, % 361 311 <0.001
Wall stress, g/cm? 541 57+3 0.341
T, MS 44+1 54+1 <0.001

Atenolol (n = 6)
HR, beats/min 813 85+2 0.234
Mean AoP, mm Hg 75+4 7313 0.544
LV EDP, mm Hg 14%1 13£1 0.137
LV EDV, ml 60t2 60t2 0.771
LV ESV, ml 37%1 361 0.111
LV EF, % 38+1 39+1 0.137
Wall stress, g/cm? 61%6 55*5 0.215
T, mS 45+1 422 0.195

Metoprolol CR/XL (n = 7)
HR, beats/min 84=+3 82+2 0.594
Mean AoP, mm Hg 75+3 77+ 4 0.567
LV EDP, mm Hg 15+1 12%1 0.007
LV EDV, ml 62t2 61%3 0.188
LV ESV, ml 39+2 352 0.002
LV EF, % 37+1 43%1 <0.001
Wall stress, g/cm? 58+3 48+3 0.005
T, MS 45+3 361 0.008

HR = Heart rate; AoP = aortic pressure; EDP = end-diastolic
pressure; EDV = end-diastolic volume; ESV = end-systolic vol-
ume.
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previously [22]. Band intensity was quantified using a Bio-Rad
GS-670 imaging densitometer and expressed as densitometric
units.

Statistical Analysis

All angiographic, histomorphometric and molecular biology
analyses were conducted in a blinded manner. Within group,
comparisons of hemodynamic and angiographic variables were
made between measurements obtained at time of randomization
and measurements made after completion of 3 months of therapy
using the Student paired t test with a significance set at p < 0.05.
To ensure that all study measures were similar at baseline before
any embolizations and at the time of randomization before ini-
tiation of therapy (pretreatment), intergroup comparisons were
made using a one-way analysis of variance (ANOVA) with « set
at0.05. If the overall ANOVA was significant, then pair-wise com-
parisons were performed using the Student-Newman-Keuls test.
To assess treatment effect, the change (A) in each measure from
pre- to posttreatment was calculated for each of the 3 study arms.
To determine whether significant differences in A were present
between the control group and each of the 2 treatment groups,
ANOVA was performed with a set at 0.05. If the overall ANOVA
was significant, then pair-wise comparisons were performed us-
ing the Student-Newman-Keuls test. Histomorphometric results
as well as mRNA and protein expression results were examined
among the 3 study groups and normal dogs using ANOVA with
asetat 0.05. If significance was attained by overall ANOVA, pair-
wise comparisons were performed using the Student-Newman-
Keuls test. For all pair-wise comparisons, a probability value
=<0.05 was considered significant. All data are reported as the
mean * SEM.

Results

Baseline data for all study groups are shown in table 1.
All dogs enrolled in the study had baseline hemodynam-
ic and angiographic findings within the normal range for
mongrel dogs in our laboratory. There were no signifi-
cant differences in any of the baseline parameters be-
tween control dogs and dogs subsequently randomized to
either atenolol or metoprolol CR/XL (table 1). Similarly,
there were no significant differences between the 3 study
groups in any of the measurements obtained at time of
randomization (before treatment; table 2).

Hemodynamic and Angiographic Findings

Heart rate and mean aortic pressure remained essen-
tially unchanged in all 3 study groups after 3 months of
therapy (table 2). LV end-diastolic pressure did not change
significantly in control and atenolol dogs, but decreased
significantly in dogs randomized to metoprolol CR/XL.
Three months after randomization, control dogs showed
a significant deterioration of LV EF accompanied by a
significant increase in LV end-diastolic and end-systolic
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Fig. 1. Bar graphs depicting change (A) in
LV EF and LV end-systolic volume (LV
ESV) between pre- and posttreatment in
control dogs, dogs randomized to atenolol
(ATE) or dogs randomized to metoprolol
CR/XL (MET). * p<0.05 vs. control; * p<
0.05 vs. ATE.

Control

Table 3. Treatment effect (A) comparison between the 3 study
groups

Control Atenolol  Metoprolol

(n=7) (n=6) CR/XL (n=7)
AHR, beats/min -03%1.5 45+33 -2.6*46
AMean AoP,mm Hg 2.8*63 -12%*23 1.7%+5.2
ALV EDP, mm Hg 0.8£09 -1.5*0.6* -2.4%0.6*
ALV EDV, ml 33£08 -0.8*x0.5* -1.3%x0.9*
ALV ESV, ml 57%£0.7 -1.0*x0.5* -43%0.8%"
ALV EF, % -5.7%+0.7 0.8 +0.9*% 6.1+09%*
AWall stress, g/cm? 32+31 -6.0%x45 -10.0%2.4*
AT, ms 10.0x1.1 -4.0%x2.6* -9.0%x2.2*%

HR = Heart rate; AoP = aortic pressure; EDP = end-diastolic
pressure; EDV = end-diastolic volume; ESV = end-systolic vol-
ume. * p < 0.05 vs. control; * p < 0.05 vs. atenolol.

volume (table 2). No significant differences in LV EF and
volumes were observed between before and after treat-
ment in dogs treated with atenolol. In dogs treated with
metoprolol CR/XL, LV EF increased significantly and LV
end-systolic volume decreased significantly, whereas LV
end-diastolic volume remained essentially unchanged
(table 2). LV end-diastolic circumferential wall stress did
not change in control and atenolol-treated dogs, but de-
creased significantly in the metoprolol CR/XL group.
The time constant of isovolumic relaxation, T, increased
significantly in control dogs and decreased significantly
in metoprolol CR/XL-treated dogs, but remained essen-
tially unchanged in dogs randomized to atenolol.
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Comparisons of Treatment Effect

Between-group comparisons of the change (A) be-
tween pre- and posttreatment measurements are shown
in table 3 and figure 1. There were no significant differ-
ences in heart rate and mean aortic pressure among the
3 study groups. Compared to control, both atenolol and
metoprolol CR/XL prevented the increase in LV end-dia-
stolic pressure and volume (table 3). Compared with con-
trols, atenolol prevented the decline in LV EF and the in-
crease in LV end-systolic volume (fig. 1). A similar trend,
but to a greater extent, was seen in metoprolol CR/XL-
treated dogs. Metoprolol CR/XL significantly reduced LV
end-systolic volume and significantly increased LV EF
compared with control dogs and dogs receiving atenolol
(fig. 1). Furthermore, metoprolol CR/XL but not atenolol
significantly decreased LV end-diastolic circumferential
wall stress (table 3). Both atenolol and metoprolol CR/XL
induced a significant shortening of the time constant of
isovolumic relaxation, T, albeit more evident in the meto-
prolol CR/XL group (table 3).

Histomorphometric Findings

Histomorphometric findings are shown in table 4.
VERE, VFIF, ODD and MCSA were significantly higher,
while capillary densities were significantly lower in con-
trol than in normal animals. There was no significant
difference in VFRF between control and dogs random-
ized to either atenolol or metoprolol CR/XL. Both treat-
ments with atenolol and metoprolol CR/XL significantly
reduced VFIF, ODD and MCSA, while increasing capil-
lary density compared to control dogs (table 4). However,
the extent of the normalization in all these parameters

Cardiology 2009;112:294-302 297
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Fig. 2. Representative ethidium bromide agarose gel showing
mRNA encoding GAPDH, AC5, a-MHC and SERCA-2a as well
as protein encoding B1-AR, BNP and SERCA-2a in LV myocar-
dium of 2 normal dogs, 2 dogs with HF randomized to vehicle
(control), 2 dogs with HF treated with metoprolol CR/XL (MET)
and 2 dogs with HF treated with atenolol.

was significantly greater with metoprolol CR/XL than
with atenolol (table 4).

mRNA and Protein Expression

Results from mRNA and protein expression analyses
are shown in tables 5 and 6 and in figure 2. As expected,
expression of GAPDH was the same across all 4 study
groups. mRNA expression of SERCA-2a and AC5 de-
creased significantly in control dogs compared to normal
dogs. Atenolol had no effect on the expression of SERCA-
2a compared to control, while metoprolol CR/XL nor-
malized SERCA-2a mRNA expression. Both atenolol and
metoprolol CR/XL, albeit to a greater extent with the lat-
ter, significantly increased the mRNA level of a-MHC
when compared to control. Therapy with atenolol signif-
icantly increased the mRNA expression of AC5, whereas
therapy with metoprolol CR/XL restored the mRNA ex-
pression of AC5 to near normal levels. Protein expression
of B;-AR and SERCA-2a decreased and that of BNP in-
creased significantly in control dogs compared to normal
dogs. With both atenolol and metoprolol CR/XL we ob-
served an increase, although not significant, in the ex-
pression of 3;-AR. Therapy with metoprolol CR/XL but
not with atenolol normalized the protein expression of
SERCA-2a and BNP.
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Table 4. Histomorphometric measures

Normal Control Atenolol Metoprolol

(n=26) (n=7) (n=6) CR/XL (n=7)
VERF, % 0.0 12713 11.2*x1.7* 10.0£1.4*
VFIF, % 3701 14208 122+03%>  97+0.3%¢
Cap/mm? 2,607+80 1,786%+71*  2,020+24%> 2216+ 22%¢
Cap/cell 1.00£0.0 0.89£0.04* 0.99+0.00° 1.08%0.00*°¢
ODD, pm 89%02 11.9%0.2% 11.1£0.2%%  10.3+0.3*¢
MCSA, pm?  409*10 687 £26° 629 + 4P 561 =4

VERF = Volume fraction of replacement fibrosis; VFIF = volume
fraction of interstitial fibrosis; Cap/mm? = capillary density for mm?;
Cap/cell = capillary density for fiber; ODD = oxygen diffusion dis-
tance; MCSA = myocyte cross-sectional area.

2p < 0.05 vs. normal, ® p < 0.05 vs. control, ¢ p < 0.05 vs. atenolol.

Table 5. mRNA expression of housekeeping, fetal program and
sarcoplasmic reticulum genes in LV free wall

Normal Control Atenolol Metoprolol

(n=6) (n=7) (n=6) CR/XL (n=7)
GAPDH 143%6 1545 151x2 151x2
SERCA-2a 119+4 82+ 67 85+ 117 118 £3b¢
a-MHC 552 3728 43 +200 47 200
AC5 4,996+163 2,306 +403* 3,739 +685>P 5315+230>¢

All figures are densitometric units.
2p < 0.05 vs. normal, ® p < 0.05 vs. control, € p < 0.05 vs. atenolol.

Table 6. Expression of fetal program and sarcoplasmic reticulum
proteins in LV free wall

Normal  Control ~ Atenolol  Metoprolol

(n=6) (n=7) (n=6) CR/XL (n=7)
B1-AR 159+x29 55%x03 104*x09 10.0x1.2
BNP 102*x1.2 319%19 206*x19 11.6*x1.6
SERCA-2a 64.1£1.8 49.0%X13 52.0*x2.1 634*19

All figures are densitometric units.

Discussion

Neurohormonal activation occurs in HF initially as a
compensatory response but ultimately contributes to
progression of LV dysfunction and remodeling [24]. The
enhanced and sustained sympathoadrenergic activation
mediates many of the hemodynamic, functional and
structural cardiac as well as circulatory maladaptations
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that occur with HF [24]. Inhibition of the sympathoad-
renergic drive with B-blockers has been shown to pre-
vent, halt or even reverse the vast majority of these neg-
ative changes in both experimental and clinical settings
[24]. However, 3-blockers are a heterogeneous group of
drugs, with different pharmacodynamic and pharma-
cokinetic profiles, and may not be equivalent with re-
spect to their efficacy for the treatment of chronic HF
[25].

The results of the present study provide the first direct
experimental evidence of a different effect of 2 3;-selec-
tive adrenergic receptor blockers, metoprolol CR/XL and
atenolol, in the treatment of chronic HF. While long-term
therapy with atenolol tended to prevent progressive LV
dysfunction and remodeling, it failed to improve these
hemodynamic and structural outcomes. In contrast, dogs
randomized to metoprolol CR/XL showed a significant
improvement of LV systolic and diastolic function as
shown by increased EF, decreased end-systolic volume,
decreased wall stress, decreased end-diastolic pressure
and shortened time constant of isovolumic relaxation, .
Both metoprolol CR/XL and atenolol prevented the in-
crease in LV end-diastolic volume observed in the control
dogs. At the cellular level, the observed greater beneficial
effects of metoprolol CR/XL on LV function and global
remodeling corresponded to reduced interstitial fibrosis
and cardiomyocyte hypertrophy along with greater cap-
illary density. In a similar fashion, dogs receiving meto-
prolol CR/XL manifested a more extensive reversal of the
maladaptive LV cellular and biochemical remodeling
than that achieved with atenolol, with normalization of
many of the key components of the fetal gene program,
such as SERCA-2a, a-MHC, AC5 and BNP. Taken togeth-
er, these data suggest that long-term monotherapy with
metoprolol CR/XL provides a more favorable effect than
atenolol on LV functional and structural remodeling in
dogs with HF.

No direct comparative studies on the effects of ateno-
lol and metoprolol on LV dysfunction and remodeling in
HF are available in the literature. In general, (3,-selective
adrenergic receptor blockers have been reported to exert
positive effects on cardiac function and remodeling in
patients with HF [4, 5, 7, 12-15]. However, evidence from
experimental studies suggests that these agents differ
with respect to the mechanisms through which such im-
provements are achieved. Bisoprolol, for instance, the
most (3;-selective and 3;-potent agent among 3,-selective
blockers [25], was shown to improve survival in rats with
postinfarction HF without exerting any significant ben-
efit on LV hemodynamic, function, global and structural
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remodeling [26, 27]. Findings from animal models of HF
suggest that atenolol may positively affect LV structural
remodeling by reducing fibrosis through modulation of
matrix metalloproteinases [28], thus leading to decreased
chamber stiffening and improved LV mechanical perfor-
mance [28, 29].

In agreement with the findings of the present study;,
previous reports from our group showed that metoprolol
CR/XL elicits protective activity on LV global remodel-
ing and significantly improves LV hemodynamic, sys-
tolic and diastolic dysfunction in dogs with HF [16]. The
mechanisms underlying these beneficial effects are
thought to be related to the marked reduction of inter-
stitial fibrosis and cardiomyocyte hypertrophy as well as
increased capillary density at the tissue level. At the cel-
lular level, the observed increase in LV EF following
long-term therapy with metoprolol CR/XL is associated
with improvement of calcium handling, activation of
anti-apoptotic pathways and correction of myocardial
energetic abnormalities [24]. In addition, therapy with
metoprolol CR/XL inhibits the induction of fetal gene
program, restoring a normal gene expression of myosin
heavy chain isoforms, and downregulates mRNA gene
expression of natriuretic peptides and matrix metallo-
proteinases in LV myocardium from dogs with HF
[24].

The present study was designed to address an issue of
clinical relevance, namely the potential equivalence of
evidence-based and non-evidence-based B-blockers in
the treatment of HF. For this reason, we selected meto-
prolol succinate as representative of 3-blockers of proven
efficacy in the treatment of HF from randomized con-
trolled trials [1-3] and atenolol for B-blockers not recom-
mended for treatment of HF. Atenolol was chosen be-
cause of the high prescription rate of this agent in large
HF registries in clinical practice [10, 11]. In order to avoid
potential bias related to choice of doses, we selected doses
and frequency of administration of atenolol and meto-
prolol CR/XL commonly recommended in treatment
guidelines [1-3, 8, 9], accepted to be equivalent [25] and
previously used in comparative studies [30]. Current rec-
ommendations for the use of atenolol in hypertension
and chronic stable angina is once daily [8, 9] and meto-
prolol CR/XL for HF is also once daily [1-3]. Compari-
sons in healthy volunteers and hypertensive or stable pa-
tients after myocardial infarction have been performed
between metoprolol CR/XL 100 mg once daily and aten-
olol 50 mg once daily or metoprolol CR/XL 200 mg once
daily and atenolol 100 mg once daily [30]. These studies
provide compelling evidence to support the appropriate-
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ness of the selection of the doses of both metoprolol CR/
XL and atenolol used in the present study. Our results,
therefore, likely reflect actual differences in the intrinsic
properties of these 2 agents. Atenolol and metoprolol pos-
sess substantially similar 3-antagonist and pharmacoki-
netic properties [25]. Both drugs are highly selective 3;-
receptor blockers with equivalent (3;-potency devoid of
intrinsic sympathomimetic activity and membrane-sta-
bilizing effect, and, at high doses, both may inhibit {3,-
receptors [25]. Selectivity of B;-receptor blockers has been
studied in both animal models and living mammalian
cells. Comparison of (3;-receptor blockers in the ferret
myocardium demonstrates that both atenolol and meto-
prolol have similar blocking and binding constants as
well as similarity in their positive response to inotropic
effects of isoprenaline [31]. In mammalian cells, both
atenolol and metoprolol demonstrate similar degrees of
B1-, B2- and Bs-selectivity [32]. The effectiveness of these
drugs depends not only on receptor affinity, but also on
drug absorption, metabolism and tissue distribution.
Bioavailability of atenolol and metoprolol is comparable,
although atenolol presents a lower absorption and is not
soluble in lipids [25]. Nonlipophilicity is the only differ-
ence in the ancillary properties of these agents and this
may be of clinical relevance [33, 34]. It has been suggested
that lipophilic 3-blockers may exert a better effect on sur-
vival than hydrophilic agents in the secondary preven-
tion of acute myocardial infarction [33, 34]. The theo-
retical advantage of lipophilic B-blockers is their ability
to readily cross the blood-brain barrier, thus entering the
central nervous system and thereby improving or restor-
ing vagal tone and exerting anti-arrhythmic effects [33].
However, treatment with atenolol has also been found to
increase indices of vagal tone, through peripheral rather
than central B-blockade, with positive effects on the sym-
pathovagal balance equivalent or even superior to those
of metoprolol CR/XL [35]. Important differences in the
pharmacodynamic profiles of atenolol and metoprolol
may also account for the differences observed in our
study. When compared to atenolol (50 mg once daily)
over a 24-hour interval, metoprolol CR/XL (100 mg once
daily) shows a more even plasma concentration, with
lower fluctuation ratio and longer time period of concen-
tration higher than 50% of maximum concentration [36].
In addition, the low peak plasma concentration produced
by metoprolol CR/XL may lead to higher (;-selectivity
than equivalent doses of atenolol [30], while cardioselec-
tivity is maintained up to dosages of 200 mg of metopro-
lol CR/XL [37, 38].
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Administration of B-blockers results in a reduction in
heart rate and blood pressure in both experimental and
clinical settings [25]. These effects are beneficial in many
cardiovascular disease conditions such as hypertension,
ischemic heart disease and HF. B-blockade therapy,
when used, is often titrated to achieve a resting heart rate
of approximately 60 beats/min and a blunting of the ex-
ercise-induced tachycardia response [1-3, 8, 9]. The ap-
parent lack of change in resting heart rates observed in
our study at the different study time points is most like-
ly due to the fact that heart rates reported in the study
refer to values recorded under general anesthesia and,
therefore, do not truly reflect the actual resting ambula-
tory heart rates of the animals. Ambulatory ECG Holter
monitoring, had it been done, would have provided ad-
ditional insights into the mechanisms of action of ateno-
lol and metoprolol in this animal preparation. Another
potential limitation of the present study is lack of mea-
surements of plasma norepinephrine or other markers of
activation of the sympathetic nervous system. In previ-
ous studies of metoprolol tartrate using this canine mod-
el of HF, we have shown little or no reduction in plas-
ma norepinephrine following long-term treatment [39].
Measurements of ambulatory heart rates as well as plas-
ma norepinephrine concentration would have helped
clarify whether the effects of both drugs at the struc-
tural, cellular and molecular level are mostly mediated
through hemodynamic influences or mostly reflect di-
rect myocardial actions.

In conclusion, the findings of the present study indi-
cate that, in dogs with HF, long-term therapy with meto-
prolol CR/XL provides greater benefits than atenolol on
LV dysfunction as well as global and cellular remodeling.
These results do not support the use of atenolol as a re-
placement for metoprolol CR/XL to treat chronic HF.
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