
Introduction
Despite intense investigation, mortality due to heart
failure remains preeminent in the United States, large-
ly because the etiologic processes underlying this dis-
ease remain enigmatic. In part, this is due to a complex
dialectical process that is generally initiated by acute
cardiac injury or overload, and followed by a series of
compensatory adjustments and subsequent failure to
maintain compensation, resulting in cardiac dilation
and heart failure or sudden death. Compensatory
adjustments include neural/hormonal changes and
myocardial hypertrophy. Although both of these
broad types of compensatory mechanisms are initial-
ly helpful, they do not prevent decompensation and
heart failure. In fact, there is one point of view that
holds that these compensatory mechanisms actually
may facilitate decompensation. For example, the
hypertrophic response, per se, has secondary effects
that ultimately can be deleterious, e.g., the accompa-
nying impairment of subendocardial coronary reserve
in the hypertrophied heart (1). Similarly, when the
heart is stressed, as occurs in the pathogenesis of heart
failure, a variety of autocrine, paracrine, neural, and

hormonal pathways are triggered and activated toni-
cally, which can also affect the heart adversely over the
long term. Cardiologists and physiologists have wres-
tled with the central question of whether these adap-
tive processes can be modulated in such a manner that
the maladaptive responses can be avoided.

In an attempt to delineate signals and pathways that
impact the heart under situations of stress, studies of
genetically manipulated mice have been undertaken
by either enhancing or alternatively deleting the activ-
ity of a signaling pathway in the heart (2–14). Our lab-
oratory has focused on the cardiac β-adrenergic recep-
tor–Gs-adenylyl (β-AR–Gs-adenylyl) cyclase pathway,
which, when activated by norepinephrine release from
sympathetic nerve terminals, delivers a potent physi-
ological stimulus to enhance an increase both in heart
rate and in contractile force. Several years ago, we
genetically enhanced the postsynaptic β-AR–Gs-
adenylyl cyclase pathway in cardiocytes by overex-
pressing Gsα, the stimulatory G protein α subunit, in
the hearts of transgenic (TG) mice (8). In short, over
their lifetime, they exhibit marked hyperresponsive-
ness to catecholamine stimulation, as exhibited by
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Transgenic (TG) mice with cardiac Gsα overexpression exhibit enhanced inotropic and chronotropic
responses to sympathetic stimulation, but develop cardiomyopathy with age. We tested the hypoth-
esis that cardiomyopathy in TG mice with Gsα overexpression could be averted with chronic β-adren-
ergic receptor (β-AR) blockade. TG mice and age-matched wild-type littermates were treated with the
β-AR blocker propranolol for 6–7 months, starting at a time when the cardiomyopathy was develop-
ing but was not yet severe enough to induce significant cardiac depression (9.5 months of age), and
ending at a time when cardiac depression and cardiomyopathy would have been clearly manifest (16
months of age). Propranolol treatment, which can induce cardiac depression in the normal heart,
actually prevented cardiac dilation and the depressed left ventricular function characteristic of older
TG mice, and abolished premature mortality. Propranolol also prevented the increase in myocyte
cross-sectional area and myocardial fibrosis. Myocyte apoptosis, already apparent in 9-month-old TG
mice, was actually eliminated by chronic propranolol. This study indicates that chronic sympathet-
ic stimulation over an extended period is deleterious and results in cardiomyopathy. Conversely, β-
AR blockade is salutary in this situation and can prevent the development of cardiomyopathy.
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supranormal ejection fractions and a marked increase
in heart rate (9–11); interestingly, though, they lack a
typical desensitization response (12). As these animals
age, there is increasing myocyte cytoplasmic and
nuclear degeneration and cell loss, increased positive
terminal deoxynucleotidyl transferase–mediated
dUTP nick end-labeling (TUNEL) staining character-
istic of apoptosis (13), myocardial interstitial and
replacement fibrosis, myocyte hypertrophy, cardiac
dilation, depressed left ventricular (LV) function,
arrhythmias, and sudden death — a picture reminis-
cent of human cardiomyopathy (9, 14). Unlike other
TG models, this pattern evolves well beyond the peri-
od of normal growth and development. Thus, this
model recapitulates the pattern of tonic and chronic
sympathetic stimulation to the heart that is charac-
teristic of heart failure. But, unlike the disease
process, β-AR overactivity appears to be the inciting
stimulus, as opposed to a compensating adjustment
to an initiating insult of cardiac malfunction; accord-
ingly, β-AR overactivity becomes useful in under-
standing mechanisms of heart failure related to the
sympathetic nervous system. We now report on the
long-term effects of blocking this pathway with a β-
AR antagonist to determine whether the cardiac dam-
age attributed to the persistent stimulation of the β-
AR signaling pathway in this model can, in fact, be
prevented or reversed.

Methods
Animals. Twenty-one TG mice (9.4 ± 0.1 months old)
and 24 age-matched wild-type (WT) littermates (9.5 ±
0.1 months old) of either sex from the same genetic
background as the TG mice were studied. Briefly, the
transgene consists of a rat α-myosin heavy chain pro-
moter linked to a Gsα minigene coding for the short

isoform of Gsα (8). Animals used in the present study
were maintained in accordance with guidelines from
the National Institutes of Health (15).

Chronic treatment with β-AR blockade. TG and WT
mice were randomly assigned to either a propranolol-
treated group (TG, n = 9; WT, n = 14) or an untreated
group (TG, n = 12; WT, n = 10). Propranolol, which is
a nonselective β-AR blocker, was administered in the
drinking water at a concentration of 0.5 g/L, or tap
water was given to the untreated group. In prelimi-
nary experiments, we determined that propranolol
blocked the inotropic response to isoproterenol infu-
sion in TG mice at this concentration; i.e., the increase
in LV ejection fraction (EF) normally observed with
isoproterenol (0.02 µg/kg per minute) did not occur
in the propranolol-treated mice. Water with freshly
added drug was changed 3 times weekly, and mice
were treated for 6–7 months.

Echocardiography. Echocardiographic studies were
performed in 19 TG mice (9 propranolol-treated and
10 untreated, 14.4 ± 0.1 months old) and 24 WT con-
trols (14 propranolol-treated and 10 untreated, 14.8
± 0.2 months old). In addition, we also examined
echocardiographic studies in 10 younger TG mice (8.8
± 0.1 months old). After determination of body
weight, mice were anesthetized with ketamine (0.065
mg/g), acepromazine (0.002 mg/g), and xylazine
(0.013 mg/g) injected intraperitoneally. The proce-
dure for echocardiography has been described in pre-
vious reports from our laboratory (9, 14). In brief,
electrocardiographic leads were attached to each limb
using needle electrodes (Grass Instrument Co., Quin-
cy, Massachusetts, USA). Echocardiography was per-
formed using ultrasonography (Apogee X-200; Inter-
spec Inc., Amber, Pennsylvania, USA). A dynamically
focused 9-MHz annular array transducer was applied
from below, using a warmed saline bag as a standoff.
M-mode measurements of LV internal diameter
(LVID) were made from more than 3 beats and aver-
aged. End-diastolic measurements were taken at the
time of the apparent maximal LV diastolic dimension.
End-systolic measurements were made at the time of
the most anterior systolic excursion of the posterior
wall. LVEF was calculated by the cubed method as fol-
lows: LVEF = [(LVIDd)3 – (LVIDs)3]/(LVIDd)3, where d
indicates diastolic and s indicates systolic. Using aor-
tic ejection time (ET) obtained from the Doppler trac-
ing of the LV outflow tract, we also calculated the
mean velocity of circumferential fiber shortening cor-
rected for heart rate (Vcfc; in s–1/2) as follows: [(LVIDd
– LVIDs)/LVIDd]/[ET/R-R interval1/2 (in seconds)].

Heart rate. Heart rate was measured using telemetry
techniques in the conscious, unrestrained state in 16
TG mice (9 propranolol-treated and 7 untreated, 15.6
± 0.1 months old) and 23 WT mice (14 propranolol-
treated and 9 untreated, 15.9 ± 0.1 months old). Mice
were anesthetized as already described, and a telemetry
transducer (TA10EA-F20; Data Science Co., St. Paul,
Minnesota, USA) was implanted in the peritoneal cav-
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Figure 1
Kaplan-Meier analysis of survival curves of propranolol-treated and
untreated TG mice. Propranolol treatment significantly (P < 0.05 by
log-rank test) reduced mortality in TG mice.



ity with paired electrodes placed subcutaneously over
the thorax (chest bipolar electrocardiogram leads) (10).
Experiments were initiated 3–5 days after recovery from
surgical instrumentation. Mice with implanted teleme-
try devices were housed in individual cages with free
access to food and water, and were exposed to 12-hour
light/ 12-hour dark cycles.

Arterial pressure. Because 1 propranolol-treated TG
mouse died after anesthesia, arterial pressure was
measured in 15 TG mice (8 propranolol-treated and 7
untreated, 16.1 ± 0.1 months old) and 23 WT mice (14
propranolol-treated and 9 untreated, 16.3 ± 0.1
months old). The mice were anesthetized as already
described, and arterial blood pressures were measured
by a 1.4F micromanometer catheter (Millar Instru-
ments Inc., Houston, Texas, USA), which was inserted
into the carotid artery.

Histology. Histological studies were conducted in
hearts from 21 older TG mice (15.7 ± 0.2 months old),
23 older WT mice (16.3 ± 0.1 months old), and 10
untreated younger TG mice (8.9 ± 0.1 months old). The
heart was perfused with a brief saline wash followed by
paraformaldehyde or formalin via a 21-gauge needle
inserted directly into the LV apex. All hearts were fixed
by perfusion fixation with 3% paraformaldehyde, except
for the hearts of 5 untreated TG mice that died prema-
turely, and were fixed with 10% buffered formalin. All
animals were anesthetized as already described. The
heart was dissected to remove the atria and right ven-
tricular free wall, and each portion was weighed. Fixed
tissues were dehydrated, embedded in paraffin, sec-
tioned at 6-µm thickness, and stained with hematoxylin
and eosin, Gomori’s aldehyde fuchsin trichrome, and
picric acid/sirius red. Heart sections were also dehy-
drated and embedded in glycol methacrylate, sectioned
at 1-µm thickness, and stained with methylene blue-
basic fuchsin for light-microscopic examination.
Methacrylate sections were also stained with silver-gold
(Accustain; Sigma Diagnostics, St. Louis, Missouri,
USA) for basement membrane to outline cardiac
myocytes for cross-sectional area measurement.

Myocardial connective tissue was quantitatively ana-
lyzed on a cross-section of LV obtained mid-distance
from base to apex and stained with picric acid/sirius
red. Images were obtained from a Sony CCD video
camera (Sony Electronics Inc., Park Ridge, New Jersey,
USA) attached to a Nikon E800 microscope (Nikon
Inc. Melville, New York, USA) with a ×60 objective, and
were analyzed with MetaMorph image analysis soft-
ware (Universal Imaging Corp., West Chester, Penn-
sylvania, USA).

Myocyte cross-sectional area was measured from
images captured from silver-stained 1-µm-thick
methacrylate sections obtained mid-distance from base
to apex. Suitable cross-sections were defined as having
nearly circular capillary profiles and circular-to-oval
myocyte sections. No correction for oblique sectioning
was made. The outline of 100–200 myocytes was traced
in the LV of each animal, using the MetaMorph image

system software to determine myocyte cross-sectional
area. The mean area was calculated for the LV in each
animal, and the group mean was calculated for each
region and group.

DNA fragmentation was detected in situ by using
TUNEL on paraffin sections of the mouse hearts
from TG and WT mice, as we have done previously
(13). After the TUNEL procedure, the slides were
washed in PBS, mounted in a Vector DAPI medium,
and observed under a fluorescence microscope. The
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Figure 2
The effects of chronic propranolol treatment on heart rate in con-
scious mice (a) and on arterial blood pressure in anesthetized mice
(b). Conscious heart rate, derived using a telemetry system, was ele-
vated (P < 0.05) in untreated 16-month-old TG mice compared with
untreated 16-month-old WT mice. Chronic propranolol treatment
reduced conscious heart rate significantly (P < 0.05) in both 16-
month-old TG and 16-month-old WT mice. Mean arterial pressure
also tended to decrease in the propranolol-treated groups, but did
not reach significance. *P < 0.05, untreated vs. propranolol-treated
mice. †P < 0.05, TG mice vs. corresponding WT mice.



mean number of myocyte nuclei per ×40 field in LV
regions was determined by manual counting of DAPI-
stained nuclei with ultraviolet excitation. At the same
magnification, a minimum of 20 fields in the LV
regions of each heart were examined for TUNEL-pos-
itive myocytes. All morphometric measurements were
performed by at least 2 independent individuals in a
blinded manner.

Statistics. All data were reported as mean ± SEM. Mul-
tiple group comparisons were analyzed by 1-way
ANOVA, followed by post hoc comparisons between
groups using the least significant difference test or
unpaired Student’s t test. The χ2 test was used to com-
pare differences in premature mortality. Survival curves
were established using a Kaplan-Meier survival analy-
sis. Comparisons between 2 groups were performed
using the log-rank test. A value of P < 0.05 was taken as
the minimal level of significance.

Results
Mortality. Propranolol treatment abolished premature
mortality in TG mice. During the treatment period

(mean duration of follow-up was 6.5 months), there
were 5 deaths in untreated TG mice (41.7%), 1 death in
untreated WT mice (10.0%), and no deaths in propra-
nolol-treated TG mice or WT mice. The Kaplan-Meier
survival curves between untreated TG mice and pro-
pranolol-treated TG mice were significantly different
(P < 0.05) (Figure 1).

Conscious heart rate and arterial blood pressure. We
assessed the effects of chronic propranolol treatment
on heart rate in conscious mice and on arterial blood
pressure in anesthetized mice. Conscious heart rate,
derived using a telemetry system, was elevated (P <
0.05) in untreated 16-month-old TG mice (694 ± 15
beats/min; n = 7) compared with untreated 16-month-
old WT mice (581 ± 16 beats/min; n = 9). Chronic pro-
pranolol treatment reduced conscious heart rate sig-
nificantly (P < 0.05) in both 16-month-old TG mice
(635 ± 8 beats/min; n = 9) and 16-month-old WT mice
(492 ± 12 beats/min; n = 14) (Figure 2). Mean arterial
pressure also tended to decrease in the propranolol-
treated groups, but it did not reach significance
(untreated TG, 77 ± 8 mmHg [n = 7]; propranolol-treat-
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Figure 3
LV function assessed by echocardiography. Shown are representative LV M-mode echocardiographic recordings (a and b) and average data
for LV function (c and d) in both untreated and propranolol-treated older TG mice at 15 months. Propranolol prevented LV dilation in older
TG mice. LVEF and mean Vcfc are compared in untreated older (14- to 15-month-old) WT (light gray bars; n = 10), propranolol-treated WT
(open bars; n = 14), untreated younger (9-month-old) TG (dark gray bars; n = 10), untreated older TG (black bars; n = 10), and propra-
nolol-treated older TG mice (dotted bars; n = 9). LV function was significantly (P < 0.05) depressed in untreated older TG mice compared
with age-matched untreated older WT mice, and depressed LV function was already observed in younger TG mice, whose ages are matched
to the age of animals when the β-AR blockade therapy was begun. LV contractile function in propranolol-treated older TG mice was improved
compared with that in both untreated younger and older TG mice. Error bars are ± SEM. *P < 0.05, †P < 0.05 vs. untreated WT mice.



ed TG, 70 ± 5 mmHg [n = 8]; untreated WT, 74 ± 4
mmHg [n = 9]; propranolol-treated WT, 67 ± 5 mmHg
[n = 14] in the anesthetized state) (Figure 2).

Echocardiography. Echocardiography was performed
to assess LV dimensions and function (Figure 3). LV
end-diastolic dimensions were significantly (P < 0.01)
greater in untreated older (14- to 15-month-old) TG
mice (4.55 ± 0.16 mm; n = 10) than in propranolol-
treated older TG mice (3.76 ± 0.19 mm; n = 9). We cal-
culated the LVEF and the mean Vcfc as indices of LV
function. Both LVEF and Vcfc were significantly (P <
0.01) depressed in untreated older TG mice (52 ± 3%
and 1.63 ± 0.11 s–1/2, respectively) compared with
untreated older WT mice (69 ± 2% and 2.80 ± 0.12 s–1/2,
respectively). These data include those from 3 untreat-
ed TG mice that died prematurely. Depressed LV func-
tion was already observed in younger (9-month-old)
TG mice (Vcfc: 2.14 ± 0.10 s–1/2), whose ages are
matched to the age of animals when the β-AR block-
ade therapy was begun. However, LV function was
restored to normal in propranolol-treated older TG
mice (LVEF: 76 ± 3%; Vcfc: 3.03 ± 0.21 s–1/2) (Figure 3).
LV function was similar in propranolol-treated and
untreated older WT mice.

Pathology/histology. The total heart and LV/body
weight ratios tended to increase in untreated TG mice
(5.64 ± 0.47 and 4.04 ± 0.41 mg/g, respectively), but did
not reach significance. These ratios in propranolol-
treated TG mice (4.67 ± 0.24 and 3.37 ± 0.20 mg/g,
respectively) were similar to those of untreated WT
mice (4.60 ± 0.28 and 3.49 ± 0.20 mg/g, respectively).

Lung/body weight ratio also tended to increase (P =
0.06) in untreated TG mice (7.1 ± 0.7 mg/g) compared
with propranolol-treated TG mice (5.9 ± 0.3 mg/g) and
untreated WT mice (6.0 ± 0.3 mg/g).

The cross-sectional area of cardiac myocytes was sig-
nificantly increased (P < 0.05) in untreated TG mice
(200 ± 6 µm2) compared with untreated WT mice (178
± 7 µm2) at 9 months of age, and the difference became
more marked at 16 months (276 ± 9 µm2). In contrast,
there was no significant difference in this parameter
between 9-month-old TG mice and propranolol-treat-
ed 16-month-old TG mice (208 ± 5 µm2). Thus, pro-
pranolol treatment arrested further myocyte hypertro-
phy in TG mice (Figure 4, a and b; and Figure 5a).

Quantitative evaluation of myocardial fibrosis
revealed a significant increase in volume percent col-
lagen for untreated 16-month-old TG mice (4.8 ±
0.6%) (Figure 4, c and d; and Figure 5b). Moreover, the
fibrotic process was already evident at 9 months of age
in the TG mice (1.8 ± 0.2%). Although increased fibro-
sis was also observed in propranolol-treated 16-
month-old TG mice (2.6 ± 0.5%), the volume percent
collagen of propranolol-treated TG mice was not dif-
ferent from younger (9-month-old) TG mice (Figure
5b). This indicates that propranolol treatment arrest-
ed the fibrotic process.

In addition, we recently observed that cardiocyte apop-
tosis occurred in TG hearts from animals 14–18 months
old (13). In the current study, we observed that apopto-
sis was already present by 9 months of age (0.15 ± 0.02%
of myocytes). However, propranolol treatment actually
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Figure 4
Morphological analysis in the myocardium of 16-month-old Gsα TG mice treated with (b and d) and without (a and c) propranolol. (a and
b) Silver staining showing myocyte sizes. (c and d) Picric acid/sirius red staining showing collagen content.



eliminated the process. There was no significant differ-
ence between the number of TUNEL-positive cells in the
propranolol-treated 16-month-old TG mice (0.05 ±
0.02% of myocytes) and untreated WT mice (0.04 ±
0.01% of myocytes), suggesting that the increase in apop-
tosis over WT mice was not only halted, but actually
eliminated, by chronic propranolol therapy (Figure 5c)

The pathology/histology data include those from 5
untreated TG mice that died prematurely. It is also
important to note that the data from older WT mice were
similar, whether untreated or treated with propranolol.

Discussion
The heart can call on a variety of mechanisms to deal
with the vicissitudes of normal physiological demand.

Sympathetic nerve activation may be most important, as
norepinephrine release and reuptake at the synaptic
nerve terminal are continually being regulated in a time
scale measured in seconds. Thus, the postsynaptic
myocardial β-adrenergic signaling pathway is continu-
ously and rapidly being turned on and off during the
course of daily activities. What remains unclear is
whether this same pathway, when chronically stimulat-
ed (as occurs in heart failure), propagates signals that are
ultimately maladaptive or deleterious to the cardiocyte.

The current investigation, using a TG animal model
that develops severe cardiomyopathy, provides strong
support for the argument that chronic and tonic sym-
pathetic stimulation of the heart is deleterious and that
its inhibition can be salutary in the pathogenesis of this
disease. One of the unique features of the overexpressed
Gsα model is the impact of the chronicity of the
enhanced β-AR signaling. When the animals are exam-
ined as young adults, only enhanced LV function is
observed (9–11), as occurs in other models of aug-
mented β-AR signaling (2, 3). However, when the ani-
mals reach 9–10 months of age, the cardiomyopathic
process has begun, and is in full force by 14–18 months
of age. The older animals are characterized by cardiac
dilation, depressed LV function, myocyte fibrosis,
hypertrophy, apoptosis, and sudden death (9, 13, 14).
The overexpressed Gsα mouse model of cardiomyopa-
thy differs from other genetically engineered mouse
models of dilated cardiomyopathy (16–23) that devel-
op cardiac dysfunction and cardiomyopathy more rap-
idly. However, the extent of depressed LV function in
untreated TG mice with Gsα overexpression (22% frac-
tional shortening) is similar to that observed in other
models (15–25%) (16, 17, 21, 22). It is important to note
that a recent study with overexpression of β1-AR also
found that a cardiomyopathy developed (24).

We speculated that chronic activation of β-adrener-
gic signaling is responsible for the development of car-
diomyopathy in the older Gsα mice. To prove this
point, it was necessary to determine whether chronic
blockade of the β-adrenergic signaling pathway could
prevent the development of the cardiomyopathy,
which was the goal of the current investigation.
Because of the chronicity of the disease process, the
effects of prolonged β-AR blockade (6–7 months’
duration) was studied.

Propranolol treatment prevented the cardiac dila-
tion and decline in LV function characteristic of car-
diomyopathy. Most strikingly, the premature mortal-
ity was abolished. The myocyte hypertrophy and
fibrosis were essentially prevented, as they were no
longer different from the values observed in the 9-
month-old control animals, i.e., at a time before treat-
ment was initiated. These data suggest that chronic β-
AR blockade can arrest the development of
cardiomyopathy. The beneficial effects of β-AR block-
ade on cardiac fibrosis in response to hypertension
(25, 26), norepinephrine (27) and myocardial infarc-
tion (28) have also been shown. Even more interest-
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Figure 5
Myocyte cross-sectional area, collagen content, and number of
TUNEL-positive myocytes were compared in untreated older (16-
month-old) WT mice (light gray bars), propranolol-treated older
(16-month-old) WT mice (open bars), untreated younger (9-month-
old) TG mice (dark gray bars), and propranolol-treated (dotted
bars) or untreated (black bars) older (16-month-old) TG mice. (a)
Myocyte cross-sectional area measured 100–200 myocytes in each
section. (b) Collagen. (c) TUNEL staining. Propranolol prevented the
increase in myocyte cross-sectional area and myocyte fibrosis. Fur-
thermore, myocyte apoptosis was eliminated by chronic propranolol.
Error bars are ± SEM. *P < 0.05, †P < 0.05 vs. untreated WT mice.



ing, myocyte apoptosis, already present at 9 months
of age in the TG mice, was also essentially eliminated
by propranolol treatment. It has been demonstrated
that apoptosis occurs in the hearts of patients with
ischemic and dilated cardiomyopathy and end-stage
heart failure (29, 30), and in animal models of heart
failure (19, 31–33). It has also been shown that β-AR
stimulation increases the percentage of apoptotic car-
diocytes (13, 34, 35). The unique finding of the cur-
rent investigation is that the apoptotic process can be
eliminated, once initiated, and this may have impor-
tant implications for the pathogenesis of cardiomy-
opathy. This differs from the data on myocyte hyper-
trophy and collagen accumulation. These processes
were attenuated, but not reversed, by the propranolol
treatment. It is possible that with treatment initiated
earlier, no hypertrophy or collagen accumulation
would be observed.

It is generally thought that apoptotic cell death
results in little or no inflammatory response and scar
formation (36, 37). The observation of apoptosis,
along with necrosis and replacement fibrosis in the
older mouse with overexpressed Gsα (13), suggests that
2 independent pathways of cell death occur. Con-
versely, in the propranolol-treated Gsα mice, both path-
ways are inhibited together. Also, there was a differ-
ence in the effects of propranolol treatment on
apoptosis versus hypertrophy and collagen accumula-
tion: apoptosis already present at 9 months, at levels
approaching those expected at 16 months, was essen-
tially eliminated with propranolol treatment, but the
hypertrophic and collagen accumulation processes
already present at 9 months, but at levels for less than
those expected at 16 months, were arrested from fur-
ther development, but not eliminated.

It is also generally assumed that myocyte apoptosis is
a relatively rapid phenomenon. If this is correct, then
over a prolonged period, the 0.1–0.2% apoptosis
observed in this study might lead to a decrease in heart
size. Indeed, this may explain why the increase in
LV/body weight is so modest in the face of major
increases in myocyte cell size in this model of car-
diomyopathy. However, it is also possible that the
apoptotic process is relatively prolonged in the heart,
which could diminish its impact over time. Finally, it is
possible that apoptosis is accompanied by myocyte
hyperplasia, which would result in little net gain or net
loss of cardiac mass.

In patients with heart failure, selective and nonselec-
tive β-AR blockade exert beneficial effects on cardiac
function and decrease cardiac mortality. In the current
study, nonselective β-AR blockade was used. Therefore,
we could not ascertain whether the beneficial effects
were mediated by blocking either β1-AR or β2-AR.

In conclusion, the results of the current investiga-
tions support the concept that patients with LV dys-
function and chronically enhanced β-adrenergic sig-
naling would be best treated by early initiation of β-AR
blockade therapy. In this regard, data now exist from

several large human heart failure studies demonstrat-
ing that β-AR blockade both decreases mortality and
improves the heart failure syndrome (38–41).
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