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ABSTRACT

Background Beta-blocker therapy may improve
cardiac function in patients with idiopathic dilated
cardiomyopathy. We tested the hypothesis that beta-
blocker therapy produces favorable functional effects
in dilated cardiomyopathy by altering the expression
of myocardial genes that regulate contractility and
pathologic hypertrophy.

Methods We randomly assigned 53 patients with
idiopathic dilated cardiomyopathy to treatment with
a B-adrenergic—receptor blocking agent (metoprolol
or carvedilol) or placebo. The amount of messenger
RNA (mRNA) for contractility-regulating genes (those
encoding B,- and B,adrenergic receptors, calcium
ATPase in the sarcoplasmic reticulum, and «- and
B-myosin heavy-chain isoforms) and of genes asso-
ciated with pathologic hypertrophy (8-myosin heavy
chain and atrial natriuretic peptide) was measured
with a quantitative reverse-transcription polymerase
chain reaction in total RNA extracted from biopsy
specimens of the right ventricular septal endomyo-
cardium. Myocardial levels of B-adrenergic receptors
were also measured. Measurements were conducted
at base line and after six months of treatment, and
changes in gene expression were compared with
changes in the left ventricular ejection fraction as
measured by radionuclide ventriculography.

Results Twenty-six of 32 beta-blocker-treated pa-
tients (those with complete mMRNA measurements)
had an improvement in left ventricular ejection fraction
of at least 5 ejection-fraction (EF) units (mean [*=SE]
increase, 18.8+1.8). As compared with the six beta-
blocker—treated patients who did not have a response
(mean change, a decrease of 2.5+1.8 EF units), those
who did have a response had an increase in sarcoplas-
mic-reticulum calcium ATPase mRNA and a-myosin
heavy chain mRNA and a decrease in B-myosin heavy
chain mRNA. The change in sarcoplasmic-reticulum
calcium ATPase was not present in the patients in the
placebo group who had a spontaneous response.
There were no differences between those who had a
response and those who did not in terms of the
change in mRNA or protein expression of B-adrener-
gic receptors.

Conclusions In idiopathic dilated cardiomyopathy,
functional improvement related to treatment with
beta-blockers is associated with changes in myocardial
gene expression. (N Engl J Med 2002;346:1357-65.)
Copyright © 2002 Massachusetts Medical Society.
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N dilated cardiomyopathy, B-adrenergic—recep-

tor blocking agents improve systolic function

and reverse cardiac remodeling by a process that

may result from changes in gene expression.!
Several categories of contractility- and hypertrophy-
modifying genes may be involved in producing struc-
tural and functional changes in dilated cardiomyopa-
thy (which is characterized by increases in end-systolic
and end-diastolic volumes along with decreases in sys-
tolic function)?; changes prompted by such genes in-
clude alterations in the expression of B-adrenergic
receptors, calcium-handling proteins, and myosin
heavy-chain isoforms.? These categories of genes
would therefore be candidates for favorable modifi-
cation by beta-blocking agents.

It is now possible to quantify the levels of messen-
ger RNA (mRNA) in RNA extracted from endomy-
ocardial-biopsy specimens.+7 Using this approach and
measurements of B-adrenergic—receptor protein,” we
tested the hypothesis that functional improvement in
dilated cardiomyopathy due to beta-blocker thera-
py,}# including potential quantitative differences in
the response to individual agents,>10 is related to fa-
vorable changes in the expression of genes that regu-
late contractile function and pathologic hypertrophy.

METHODS

Clinical Protocol

The study was conducted between July 1993 and April 2000.
Patients of either sex between 18 and 80 years of age who had
chronic symptomatic heart failure due to idiopathic dilated cardio-
myopathy and a clinical indication for endomyocardial biopsy were
eligible for enrollment. At our two institutions, endomyocardial bi-
opsy is performed routinely in patients with idiopathic dilated car-
diomyopathy to rule out inflammation or other infiltrative proc-
esses. To be eligible for randomization, patients could not have a
lymphocytic infiltrate or other infiltrate in the biopsy specimen,
and they had to have a base-line left ventricular ejection fraction,
as measured by radionuclide ventriculography, of no more than
0.35 and an increase in the size of the left ventricle, as assessed by
two-dimensional echocardiography. Mandatory background ther-
apy consisted of an angiotensin-converting—enzyme inhibitor and
digoxin, with diuretics as needed.
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Eligible patients gave their written informed consent on forms
that had been approved by the institutional review boards of the
University of Colorado Health Sciences Center or University of
Utah Health Sciences Center. They then underwent base-line tests
designed to measure the expression of myocardial genes, left and
right ventricular function, hemodynamics, and the level of cardiac
adrenergic activity as estimated by coronary sinus norepinephrine
levels. The patients were then randomly assigned in a double-blind
manner to treatment with placebo, metoprolol tartrate, or carvedilol.
The initial dose of carvedilol was 3.125 mg twice daily, and the
initial dose of metoprolol was 6.25 mg twice daily. The dose of
study medication was doubled weekly until target doses were
reached or until limiting side effects occurred. Target doses were
50 mg of carvedilol twice daily and 100 mg of metoprolol twice
daily for patients weighing 85 kg or more and 25 mg of carvedilol
twice daily and 50 mg of metoprolol twice daily for patients
weighing less than 85 kg. After six months of treatment, all the
tests performed at base line were repeated.

Random assignment to placebo was stopped on January 13,
1998, when the estimated sample size had been reached for the
detection of differences in B-adrenergic—receptor mRNA expres-
sion and protein levels; 44 patients had been enrolled. Nine ad-
ditional patients were then enrolled and randomly assigned to
treatment with metoprolol or carvedilol. In these additional pa-
tients, the analysis of mRNA expression was expanded to include
gene-chip technology,!! which took the place of measurement of
B-adrenergic—receptor proteins. A total of 53 patients participat-
ed in the study: 15 were randomly assigned to placebo, 17 to met-
oprolol, and 21 to carvedilol.

Base-line measurements of mRNA and receptor protein in these
53 patients with idiopathic dilated cardiomyopathy were compared
with measurements in 8 patients with normal left ventricular func-
tion who underwent endomyocardial biopsy to rule out inflamma-
tory or infiltrative myocardial disease or as part of a chemotherapy
protocol.”

Measurements of Gene Expression and 3-Adrenergic-
Receptor Proteins

Right-sided heart catheterization and biopsy of right ventricu-
lar septal endomyocardium were performed from the right inter-
nal jugular vein with the use of combined fluoroscopic and
echocardiographic guidance, as previously described.” Total RNA
was extracted from two, three, or four endomyocardial-biopsy
specimens, as previously described.” In the extracted RNA, the
amount of mRNA that encoded B,- and B,-adrenergic receptors,
a- and B-myosin heavy chain, atrial natriuretic peptide, and sar-
coplasmic reticulum calcium ATPase was measured by the re-
verse-transcription quantitative polymerase chain reaction with
the use of previously described methods and primers for each re-
verse-transcribed complementary DNA.7

The total density of B-adrenergic—receptor and B;- and SB,-
adrenergic—receptor subtypes was measured in biopsy specimens
as previously described,” after extensive washing (three washes
with a buffer composed of 20 mM TRIS, 150 mM sodium chlo-
ride, and 1 mM ascorbate at pH 7.8 and 4°C) to remove bound
therapeutically administered beta-blockers. Plasma norepinephrine
was measured in coronary-sinus and arterial blood by a radioen-
zymatic method.!2

Measurements of Ejection Fraction

Left ventricular and right ventricular ejection fractions were
measured by in vitro red-cell labeling and radionuclide ventricu-
lography, as previously described.!3!# The results were expressed
in terms of ejection-fraction (EF) units, calculated by dividing
the stroke volume by the end-diastolic volume and multiplying
by 100.
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Statistical Analysis

The investigators had full access to the data and performed the
analyses independently of the sponsor. Ejection fractions were
measured at base line and on completion of the six-month study
in a total of 49 patients, who were divided into those who had a
response (predefined as an increase in left ventricular ejection
fraction by at least 5 EF units) during this period and those who
did not have such a response. Potential differences within sub-
groups of patients with a response and subgroups of those without
a response were assessed by paired t-tests performed on base-line
measurements and end-of-study measurements. Unpaired t-tests
and Mann-Whitney tests were used to assess differences between
controls and patients with cardiomyopathy, between the placebo
group and the combined beta-blocker groups, and between the
patients with a response and those without a response. Analysis
of variance with the Bonferroni adjustment was used to assess dif-
ferences among the three treatment groups (placebo, metoprolol,
and carvedilol). A test for interaction was used to examine changes
in gene expression and B-adrenergic—receptor protein level in pa-
tients with a response and those without a response in the com-
bined beta-blocker group as compared with changes in the cor-
responding subgroups in the placebo group. A test for interaction
was also used to assess potential differences between the meto-
prolol group and the carvedilol group. Contingency-table analysis
was used to detect differences in binary variables among treat-
ment groups. All the tests were two-sided, and a P value of less
than 0.05 was considered to indicate statistical significance.

RESULTS
Base-Line Characteristics and General Outcomes

Table 1 presents the base-line characteristics of the
49 patients who completed the trial. There were no
significant differences among the treatment groups
with respect to demographic characteristics, ventric-
ular function, or hemodynamic variables. The patients
with dilated cardiomyopathy were relatively young
(50 to 56 years), with moderate-to-severe left ventric-
ular dysfunction (left ventricular ejection fraction, 19
to 25 EF units), and had high levels of cardiac adre-
nergic activity (coronary-sinus norepinephrine level,
>800 pg per milliliter). All the patients tolerated the
initiation of treatment and the initial increase in the
dose of study medication. All 15 of the patients who
received placebo, 14 of the 17 patients who received
metoprolol, and 20 of the 21 patients who received
carvedilol completed the six-month treatment peri-
od. Of the patients who received metoprolol, one
underwent cardiac transplantation and two with-
drew for other reasons. One patient who received
carvedilol died suddenly, six weeks after enrollment.
The mean (£SD) total daily doses of metoprolol and
carvedilol in the groups of patients who received those
drugs and who completed the study were 125+47 mg
and 70%29 mg, respectively. None of the patients had
complications of endomyocardial biopsy or right-sided
heart catheterization. No infiltrative or inflammatory
processes were identified by light microscopy, which
revealed evidence of hypertrophy and variable amounts
of interstitial fibrosis in all the patients.

Base-line mRNA expression in the 45 patients
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TABLE 1. BASE-LINE CHARACTERISTICS OF THE PATIENTS WITH IDIOPATHIC DILATED
CARDIOMYOPATHY WHO COMPLETED THE STUDY.*

VARIABLE

Age (yr)

Sex (no. of patients)
Female
Male

Left ventricular ejection fraction (EF units)
Right ventricular ejection fraction (EF units)

NYHA functional class (no. of patients)
11
111
v
Peak oxygen consumption (ml/kg of body
weight,/min)
Heart rate (beats/min)
Peak during exercise
At time of catheterization

Mean arterial pressure at time of catheteriza-
tion (mm Hg)

Right atrial pressure (mm Hg)
Pulmonary-artery pressure (mm Hg)
Pulmonary-capillary wedge pressure (mm Hg)
Cardiac index (liters/min/m?)

Stroke-volume index (ml/beat/m?2)

Left ventricular stroke-work index (g/m/m?2)

Norepinephrine level (pg,/ml)
Arterial
Coronary sinus

PLACEBO METOPROLOL CARVEDILOL
(N=15) (N=14) (N=20)
56+9 53*10 5014
7 5 8
8 9 12
25.3+9.6 22.2+9.1 18.9£6.0
33.3x11.7 357114 30.4%9.0
5 3 2
10 11 16
0 0 2
16.2+3.1 15239 17.0£5.8
142+11 140+20 146+26
88*16 88£17 88+19
86*+12 85+15 85+13
4.6+x4.8 59+5.2 6.6x4.4
21.5+9.9 26.7+8.5 28.2+9.2
11.0+6.6 13.7£7.4 15.6*7.5
2.67%+0.55 2.42%0.70 2.31+0.50
31.6x8.3 27.8+8.3 28.09.6
32.6x12.9 27.9%12.6 27.4%2.6
752+548 768602 644+486
1188+801 880+658 891+554

*Plus—minus values are means +SD. EF denotes ¢jection fraction, and NYHA New York Heart As-
sociation. EF units are calculated by dividing the stroke volume by the diastolic volume and multiplying
by 100. There were no significant differences among the three groups of patients in any of the variables.

with idiopathic dilated cardiomyopathy and complete
data for this variable are given in Table 2, as are base-
line B-adrenergic—receptor protein levels in the 36
patients with complete data for that variable. The
patients with idiopathic dilated cardiomyopathy had
lower levels of mRNA for f,-adrenergic—receptor,
a-myosin heavy chain, and sarcoplasmic-reticulum
calcium ATPase than the eight control patients, and
they had higher levels of atrial natriuretic peptide
mRNA and somewhat (but not significantly) higher
levels of B-myosin heavy chain mRNA. In addition,
the level of B,-adrenergic—receptor proteins and its
proportion of the total level of B-adrenergic—recep-
tor proteins were lower in the patients with idio-
pathic dilated cardiomyopathy than in the controls,
as was (to a marginal degree) the total B-adrener-
gic—receptor protein level (P=0.057). Among the
three treatment groups, the only base-line difference
in mRNA expression or receptor-protein levels was
a lower level of B,-adrenergic—receptor protein in
the carvedilol group (15.0+6.4 fmol per milligram)

N Engl J Med, Vol. 346, No. 18 -

than in the placebo group (27.1£14.5 fmol per mil-
ligram, P=0.02).

Effect of Treatment with Placebo, Metoprolol,
or Carvedilol

Of the measurements listed in Tables 1 and 2,
there were statistically significant differences among
treatment groups in the change in left ventricular
¢jection fraction, in which both the metoprolol group
and the carvedilol group had greater mean (+SE) in-
creases (13.9%2.5 and 15.5%2.9 EF units, respec-
tively) than the placebo group (4.2+2.8 EF units,
P=0.015 by analysis of variance); the change in left
ventricular stroke-work index, in which the carvedilol
group had a greater increase than the placebo group
(11.7£3.6 vs. 0.0£2.6 ml per beat per square meter
of body-surface area, P=0.04); and the change in
peak heart rate during exercise, in which both beta-
blocker groups had greater decreases (29.3+5.8 beats
per minute in the metoprolol group and 28.6*+4.7
beats per minute in the carvedilol group) than the
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TABLE 2. BASE-LINE mRNA EXPRESSION AND PROTEIN LEVEL IN THE CONTROL PATIENTS

AND THE PATIENTS WITH IDIOPATHIC DILATED CARDIOMYOPATHY.*

PATIENTS WITH IDIOPATHIC

ConTRoOL PATIENTS DILATED CARDIOMYOPATHY P
MEASUREMENT (N=8) (N=45) VALUE
Gene expression
Age (yr) 49.1x12.9 54.1+10.5 0.24
Sex 0.35
Female 5 20
Male 3 25
Left ventricular ejection fraction (EF units) 58.9+9.6 21.4+8.2 0.001
Right ventricular ejection fraction (EF units) 47.6*6.2 33.0=10.6 0.001
B,-Adrenergic receptor (molecules mRNA/ug 305,000+205,000 167,000+158,000 0.034
of total RNA)
B,-Adrenergic receptor (molecules mRNA/ug 265,000=151,000 261,000=179,000 0.96
of total RNA)
Atrial natriuretic peptide (molecules mRNA/ug 3,400,000=3,270,000 8,150,000+5,510,000 0.022
of total RNA)
Sarcoplasmic-reticulum calcium ATPase 8,280,000£2,670,000 6,110,000£2,240,000 0.035
(molecules mRNA/ug of total RNA)
Myosin heavy chain
a-Myosin (molecules mRNA/ug of total RNA) 3,710,000+1,920,000 1,090,000+670,000 0.001
B-Myosin (molecules mRNA/ug of total RNA)  11,400,000+3,300,000 16,200,000%+6,600,000 0.086
Total (molecules mRNA/ug of total RNA) 14,800,000£3,900,000 17,200,000%6,900,000 0.39
Proportion a-myosin (%) 23.1%8.1 6.5*+35 0.001
Proportion B-myosin (%) 76.9%8.1 934+x35 0.001
PATIENTS WITH IDIOPATHIC
CoNTROL PATIENTS DILATED CARDIOMYOPATHY
(N=8) (N=36)
B-Adrenergic-receptor protein
Age (yr) 49.1+12.9 53.8%x11.5 0.32
Sex (no. of patients) 0.70
Female 5 17
Male 3 19
Left ventricular ejection fraction (EF units) 58.9+9.6 22.0%8.2 <0.001
Right ventricular ejection fraction (EF units) 47.6%6.2 33.4=x11.6 0.003
Measured level
Total (fmol/mg of protein) 74.5+34.6 50.6+30.6 0.057
B-Adrenergic receptor (fmol/mg of protein) 57.7+29.4 31.0£25.5 0.013
B,-Adrenergic receptor (fmol/mg of protein) 16.8+10.3 19.7+12.8 0.56
Proportion B;-adrenergic receptor (%) 77.0*x11.5 58.7+21.1 0.023
Proportion B,-adrenergic receptor (%) 23.0x115 41.3x21.1 0.023

*Plus—minus values are means =SD. Of the 53 patients with idiopathic dilated cardiomyopathy, 45 had complete base-
line and six-month data for mRNA expression, and 36 had complete base-line and six-month data for levels of B-adre-
nergic—receptor proteins. Values for a-myosin, proportion a-myosin, and proportion B-myosin were compared by the
Mann-Whitney test; all other continuous variables were compared by the unpaired t-test.

placebo group (2.8+5.3 beats per minute, P=0.005).
When the beta-blocker groups were combined,
changes in these variables were significantly different
from changes in the placebo group; there was also a
greater reduction in the heart rate at rest in the com-
bined beta-blocker group.

Changes in Functional Class, Hemodynamic Variables,

Functional Capacity, Ventricular Function, and Coronary-
Sinus Norepinephrine

To determine what changes are specifically associ-
ated with improvement in left ventricular function
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and reversal of remodeling, we divided the placebo,
metoprolol, and carvedilol groups into subgroups
according to the presence or absence of a response
(an increase in left ventricular ejection fraction of at
least 5 EF units) after six months of treatment. In
the placebo group, there were 5 patients with a re-
sponse and 10 without a response; in the metoprolol
group, there were 12 with a response and 2 without
a response; and in the carvedilol group, there were 16
patients with a response and 4 without a response
(P=0.003 by contingency-table analysis). In a test for
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interaction, changes in left ventricular ejection frac-
tion, hemodynamic variables, and gene expression did
not differ among the four response or nonresponse
subgroups of patients who were taking metoprolol
or carvedilol. In subsequent analyses the patients who
had a response with either beta-blocker were com-
bined, as were those who did not have a response
with either beta-blocker.

There were differences between patients with a re-
sponse and those without a response in both the
placebo group and the combined beta-blocker groups
with respect to left ventricular ejection fraction and
right ventricular ejection fraction, but with respect to
no other variables (Table 3). According to peak heart
rate during exercise, the response and nonresponse
subgroups among the patients who received beta-
blockers had nearly identical degrees of beta-block-
ade; their decreases in heart rate during exercise were
28.9 and 28.8 beats per minute, respectively.

Placebo-treated patients who had a response (in
terms of left ventricular ejection fraction) also had
an improvement in right ventricular ejection fraction,
but they had no statistically significant change in any
other variable during the six-month study (Table 3).
There were no significant changes in the subgroup
of placebo-treated patients who did not have a re-
sponse. Patients in the beta-blocker group who had
an improvement in left ventricular ejection fraction
also had increases in right ventricular ejection frac-
tion, stroke-volume index, and left ventricular stroke-
work index and decreases in New York Heart Asso-
ciation class, heart rate at rest, peak heart rate during
exercise, mean pulmonary-artery pressure, and mean
pulmonary-capillary wedge pressure. In contrast, the
only change in the subgroup of beta-blocker—treat-
ed patients who did not have a response was a re-
duction in peak heart rate during exercise.

Changes in Gene Expression and Receptor Density

Figure 1 shows data for changes in the quantity of
mRNA and in B-adrenergic—receptor protein levels
in the subgroups of patients with or without a re-
sponse in the placebo group and the combined beta-
blocker groups. In the placebo group, there were no
significant differences between patients with a re-
sponse and those without a response in either the
amount of any mRNA or the levels of 8-adrenergic—
receptor proteins. In contrast, among the beta-block-
er—treated patients, those with a response had an in-
crease in the amount of @-myosin heavy chain mRNA
and sarcoplasmic-reticulum calcium ATPase mRNA,
as well as a decrease in B-myosin heavy chain mRNA
(Fig. 1B). In a test for interaction, the difference be-
tween the response and nonresponse subgroups in the
change in sarcoplasmic-reticulum calcium ATPase
mRNA was significant (P=0.046), but the changes

N Engl J Med, Vol. 346, No. 18 -

in mRNA for myosin heavy-chain isoforms were not
significant, in the placebo group as compared with
the beta-blocker group. Among the beta-blocker—
treated patients, there were no significant differences
or trends between those with a response and those
without a response with respect to changes in ;- or
B,-adrenergic—receptor mRNA or protein levels (Fig.
1B and 1D, respectively).

For changes within the subgroups shown in Fig-
ure 1, among the small number of patients in the
placebo group who had a response, there were no
significant changes in mRNA expression or 3-adre-
nergic—receptor protein levels during the treatment
period (Fig. 1A and 1C, respectively); the increase in
a-myosin heavy chain mRNA reached a significance
level of P=0.15. Among the patients in the placebo
group who did not have a response, there were in-
creases over time in total B-adrenergic—receptor lev-
el, By-adrenergic—receptor level, and the percentage
of B,-adrenergic receptor (Fig. 1C), and there was a
trend toward a decrease in the expression of atrial
natriuretic peptide mRNA (Fig. 1A).

Among the patients in the combined beta-blocker
groups who had a response, there were increases over
time in the amount of mRNA for $,-adrenergic—
receptor, sarcoplasmic-reticulum calcium ATPase, and
a-myosin heavy chain (Fig. 1B) and in total B-adre-
nergic—receptor and f,-adrenergic—receptor protein
levels (Fig. 1D). The subgroup of beta-blocker—
treated patients with a response also had a decrease
in the expression of atrial natriuretic peptide mRNA
(Fig. 1B). Among the beta-blocker—treated patients
without a response, there was a trend toward an in-
crease in the expression of B-myosin heavy chain
mRNA and no significant change in any other mnRNA
or receptor measurement (Fig. 1B and 1D).

DISCUSSION

Treatment of patients with dilated cardiomyopathy
results in improved intrinsic systolic function (assessed
in terms of ¢jection fraction or more load-independ-
ent indexes!) and a reversal of cardiac remodeling
(assessed in terms of ejection fraction,8:15 ventricu-
lar volume!3!4 or dimension,!6-18 or left ventricular
mass and chamber shape!”18). According to the defi-
nition of a “response” as an increase in left ventricular
ejection fraction of at least 5 EF units, these favorable
changes occur in 50 to 70 percent of beta-blocker—
treated patients'?22 (62 percent in the Multicenter
Oral Carvedilol Heart Failure Assessment [ MOCHA]
Trial22 [unpublished data]). Use of the left ventricu-
lar ejection fraction to measure the response to a
beta-blocker allows assessment of both intrinsic sys-
tolic function?® and the degree of cardiac remodel-
ing,'s the two fundamental physiological processes that
characterize dilated cardiomyopathy,2¢ because the
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TABLE 3. CHANGES IN VENTRICULAR FUNCTION, HEMODYNAMIC VARIABLES, FUNCTIONAL
CAPACITY, AND CARDIAC ADRENERGIC DRIVE DURING THE SIX-MONTH STUDY,
ACCORDING TO THE PRESENCE OR ABSENCE OF AN INCREASE IN LEFT VENTRICULAR
EJECTION FRACTION WITH TREATMENT.*

VARIABLE PLACEBO BETA-BLOCKER
RESPONSE NO RESPONSE RESPONSE NO RESPONSE
(=5 EF uNits) (<5 EF units) (=5 EF unNits) (<5 EF UNITS)
(N=5) (N=10) (N=28) (N=6)
NYHA functional class —-0.4+0.5 —-0.2%0.1 —-0.6x0.11 —-0.5%0.2%
Left ventricular ejection fraction 17.0£341§ —2.2%*1.3 18.5x1.71§ —25*1.8
(% change in EF units)
Right ventricular ejection fraction 10.4x3.61§ 0.0x£1.7 11.4x2.01§ —-15*x4.2
(% change in EF units)
Peak oxygen consumption 2.7x2.1 1.1x1.3 0.8+0.8 1.2x2.6
(ml/kg/min)
Heart rate (beats/min)
Peak during exercise —-10.3%£10.4 1.8+5.8 —28.9+4.2t1 -28.8x7.61
At rest 04+27 —-132%x78 —20.8+29t -13.7*7.0
Mean arterial pressure (mm Hg) -10.8+4.8f —59*58 0.6+3.2 —3.0£3.7
Right atrial pressure (mm Hg) -0.4x1.5 24=*1.6 —1.4+09 —23*1.1%
Pulmonary-artery pressure (mm Hg) —2.6*2.3 —0.4+2.2 —-59+2.0f —-3.0*x4.1
Pulmonary-capillary wedge pressure ~ —2.6+1.4 0.8*2.1 —-5.0£1.8t —3.0%25
(mm Hg)
Cardiac index (liters/min/m?) 0.14+0.26 —-0.2%0.2 0.08%0.14 0.33£0.27
Stroke-volume index (ml/min/m?) 0.35+3.4 4.1+2.3 9.9+2.2% 10.1£5.7
Left ventricular stroke-work index —4.4+2.0 2.5+3.7 11.8+2.7¢ 8.2+4.1
(g/m/m?)
Coronary sinus norepinephrine level —240+231  —416*+193% —201=140 67+228
(pg/ml)

*Plus—minus values are means =SE. A minus sign denotes a decrease.

1P<0.05 for the change between the base-line value and the value measured at six months, by the
paired t-test.

$P<0.10 for the change between the base-line value and the value measured at six months, by the
paired t-test.

§P<<0.05 by the unpaired t-test for the comparison with patients in the same treatment group (pla-
cebo or beta-blocker) who did not have a response.

Figure 1 (facing page). Changes in Myocardial Messenger RNA (mRNA) Expression and B-Adrenergic—Receptor Protein Levels.

Panels A and B show changes between base line and the end of the six-month study in the abundance of myocardial mRNA for
six contractility-regulating or hypertrophy-regulating proteins in patients who received placebo or a beta-blocker. The changes in
patients who had an improvement in left ventricular ejection fraction (a “response,” defined as an increase by at least 5 ejection
fraction [EF] units) were compared with the changes in patients who did not have such a response. Gene expression is shown as
molecules of mMRNA per microgram of total RNA on a logarithmic scale; 1 bars represent standard errors, plotted within the unit
scales of the nominal absolute changes. Panels C and D show changes in the levels of B-adrenergic-receptor proteins in patients
given placebo or a beta-blocker. Changes in patients who had a response were compared with changes in patients who did not
have a response. I bars represent standard errors. The asterisk indicates P<0.10 for the change between the base-line value and
the value measured at six months, by the paired t-test; the daggers P<0.05 for the comparison with the placebo group by the test
for interaction; the double daggers P<0.05 for the change between the base-line value and the value measured at six months, by
the paired t-test; and the section marks P<0.05 for the comparison with patients who did not have a response. Each panel shows
results for patients with complete data for the indicated mRNA and receptor-protein measurements.
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calculation incorporates end-systolic volume in the
numerator and end-diastolic volume in the denomi-
nator. Moreover, in dilated cardiomyopathy, left ven-
tricular ejection fraction is a major determinant of
clinical outcome,?%2¢ and improvement in this vari-
able is probably related to the substantial clinical ben-
efit produced by beta-blocking agents.!8.27
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We reasoned that time-dependent improvement in
idiopathic dilated cardiomyopathy with beta-blocker
therapy would be accompanied by changes in myocar-
dial gene expression, defined as the quantity of mRNA
or proteins in the steady state. Three different cate-
gories of genes involved in the regulation of con-
tractility? were assessed: 3-adrenergic receptors, sarco-
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plasmic-reticulum calcium ATPase (which is involved
in calcium handling), and the contractile-protein iso-
forms a-myosin and B-myosin heavy chain. In addi-
tion, the mRNA expression of one protein directly
involved in pathologic hypertrophy (8-myosin heavy
chain) and of one molecular marker of hypertrophy
(atrial natriuretic peptide) was measured. Gene ex-
pression in all three categories of contractility-regu-
lating genes was initially abnormal in the patients
with idiopathic dilated cardiomyopathy, as compared
with the controls. The investigational strategy was to
study changes in gene expression in biopsy specimens
from ventricles that showed phenotypic improve-
ment as compared with those that did not show im-
provement, in beta-blocker—treated as compared with
placebo-treated patients. Right ventricular septal spec-
imens were used for gene-expression measurements
and were related to changes in left ventricular ejection
fraction for three reasons: the ventricular septum is
a shared wall; in idiopathic dilated cardiomyopathy,
changes in gene expression in the septum reflect
those in both the right ventricular and left ventricu-
lar free walls?; and the left ventricular ejection frac-
tion is more reliably measured than the right ventric-
ular ejection fraction.28

The main finding was that in idiopathic dilated
cardiomyopathy, improvement in left ventricular ¢jec-
tion fraction by beta-blocking agents is specifically
associated with favorable changes in the expression
of genes encoding sarcoplasmic-reticulum calcium
ATPase and the @ and B isoforms of myosin heavy
chain, but not the genes encoding B-adrenergic re-
ceptors. The changes in sarcoplasmic-reticulum cal-
cium ATPase and the myosin heavy chains, coupled
with a statistically significant reduction in the ex-
pression of atrial natriuretic peptide mRNA, indicate
that beta-blocker therapy is associated with molecu-
lar remodeling in the form of reversal of induction
of elements of the “fetal” gene program?%3 in pa-
tients who have a favorable myocardial response to
treatment. There were no differences in mean pulmo-
nary capillary-wedge pressure or mean systemic arte-
rial pressure between the beta-blocker—treated pa-
tients with a response and those without a response,
indicating that regression of the fetal-gene program
was not the result of changes in loading conditions.

In terms of the cognate proteins, the increase in the
expression of sarcoplasmic-reticulum calcium ATPase
and the fast-contracting a-myosin heavy chain, plus
the decrease in the expression of the slow-contracting
B-myosin heavy chain, would improve contractile
function, and the decreased expression of B-myosin
heavy chain would diminish pathologic hypertrophy.
However, since fetal-gene proteins were not measured
in this study, it is not clear whether the observed
changes at the mRNA level led to an improvement in
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phenotype. A variety of other gene products capable
of influencing contractile function and pathologic hy-
pertrophy were also not measured in this study.

Favorable changes in the expression of a-myosin
heavy chain mRNA tended to occur in the small
number of placebo-treated patients with a response
as well as in the more numerous beta-blocker—treated
patients with a response. In contrast, the up-regula-
tion of mRNA expression of sarcoplasmic-reticulum
calcium ATPase in association with improvement in
left ventricular function was observed only in the
beta-blocker—treated patients who had a response.
In experimental models, B-adrenergic stimulation can
down-regulate the expression of the gene encoding
sarcoplasmic-reticulum calcium ATPase 3132 as well
as induce the fetal pattern of expression of myosin
heavy chain.’2 In view of the high levels of cardiac
adrenergic activity present in the study population, we
speculate that B-adrenergic stimulation contributed to
induction of a pathological fetal gene program, which
was reversed by beta-blockade more comprehensively
and frequently than by placebo treatment.

In the current study, the degrees of beta-blockade
produced by metoprolol (a selective 3,-adrenergic—
receptor blocking agent) and carvedilol (which blocks
B1-, B,-, and «;-adrenergic receptors)® were substan-
tial and nearly identical, as assessed by a reduction in
peak heart rate during exercise. There were no quali-
tative differences between metoprolol and carvedilol
in their effects on any measurement, but a larger sam-
ple may be required to detect such differences. In pa-
tients with a response in left ventricular ejection frac-
tion, treatment with either drug was associated with
increases in the amount of a-myosin heavy chain and
sarcoplasmic-reticulum calcium ATPase mRNA and
decreases in B-myosin heavy chain mRNA. These
findings probably represent the molecular class ef-
fects of B,-adrenergic—receptor blockade.

Supported by grants from the National Institutes of Health (1R01-
HIL48013 from the National Heart, Lung, and Blood Institute and M01-
RR00051 and MO1-RR00064 from the National Center for Research Re-
sources) and by Glaxo SmithKline. Drs. Gilbert, Abraham, and Bristow
have served as paid consultants to Glaxo SmithKline, and Dr. Bristow has
served as a paid consultant to AstraZeneca. Dr. Bristow is a founder, officer,
and stockholder in Myogen, which owns a license to aspects of the current
study that are covered in a patent application.

We are indebted to Laurel Hunter and Jana McPherson for as-
sistance in the prepavation of the manuscript and figure.

REFERENCES

1. Eichhorn EJ, Bristow MR. Medical therapy can improve the biological
properties of the chronically failing heart: a new era in the treatment of
heart failure. Circulation 1996;94:2285-96.

2. Bristow MR, Mestroni L, Bohlmeyer TJ, Gilbert EM. Dilated cardi-
omyopathies. In: Fuster V, Alexander RW, O’Rourke RA, eds. Hurst’s the
heart. 10th ed. Vol. 2. New York: McGraw-Hill, 2001:1947-66.

3. Bristow MR. Why does the myocardium fail? Insights from basic sci-
ence. Lancet 1998;352:Suppl 1:SI-8—SI-14.

Www.nejm.org

Downloaded from www.nejm.org on September 5, 2008 . For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



BETA-BLOCKADE AND MYOCARDIAL GENE EXPRESSION

4. Feldman AM, Ray PE, Silan CM, Mercer JA, Minobe WA, Bristow
MR. Selective gene expression in failing human heart: quantification of
steady-state levels of messenger RNA in endomyocardial biopsies using the
polymerase chain reaction. Circulation 1991;83:1866-72.

5. Ladenson PW, Sherman SI, Baughman KL, Ray PE, Feldman AM. Re-
versible alterations in myocardial gene expression in a young man with di-
lated cardiomyopathy and hypothyroidism. Proc Natl Acad Sci U S A 1992;
89:5251-5. [Erratum, Proc Natl Acad Sci U S A 1992;89:8856.]

6. Engelhardt S, Bohm M, Erdmann E, Lohse MJ. Analysis of beta-adrener-
gic receptor mRNA levels in human ventricular biopsy specimens by quanti-
tative polymerase chain reactions: progressive reduction of beta 1-adrenergic
receptor mRNA in heart failure. ] Am Coll Cardiol 1996;27:146-54.

7. Lowes BD, Minobe WA, Abraham WT, et al. Changes in gene expres-
sion in the intact human heart: downregulation of a-myosin heavy chain
in hypertrophied, failing ventricular myocardium. J Clin Invest 1997;100:
2315-24.

8. Bristow MR. B-Adrenergic receptor blockade in chronic heart failure.
Circulation 2000;101:558-69.

9. Metra M, Giubbini R, Nodari S, Boldi E, Modena MG, Dei Cas L. Dif-
ferential effects of B-blockers in patients with heart failure: a prospective,
randomized, double-blind comparison of the long-term effects of meto-
prolol versus carvedilol. Circulation 2001;102:546-51.

10. Bristow MR. What type of B-blocker should be used to treat chronic
heart failure? Circulation 2000;102:484-6.

11. Lowes BD, Minobe WA, Perryman MB, Bristow MR. Expression profil-
ing in the intact failing human heart. J Card Fail 2001;7:Suppl 2:38. abstract.
12. Gilbert EM, Abraham WT, Olsen S, et al. Comparative hemodynamic,
left ventricular functional, and antiadrenergic effects of chronic treatment
with metoprolol versus carvedilol in the failing heart. Circulation 1996;94:
2817-25.

13. Quaife RA, Gilbert EM, Christian PE, et al. Effects of carvedilol on
systolic and diastolic left ventricular performance in idiopathic dilated car-
diomyopathy or ischemic cardiomyopathy. Am ] Cardiol 1996;78:779-84.
14. Quaife RA, Christian PE, Gilbert EM, Datz FL, Volkman K, Bristow
MR. Effects of carvedilol on right ventricular function in chronic heart fail-
ure. Am J Cardiol 1998;81:247-50.

15. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling — concepts and
clinical implications: a consensus paper from an international forum on car-
diac remodeling. J Am Coll Cardiol 2000;35:569-82.

16. Doughty RN, Whalley GA, Gamble G, MacMahon S, Sharpe N, Aus-
tralia-New Zealand Heart Failure Research Collaborative Group. Left ven-
tricular remodeling with carvedilol in patients with congestive heart failure
due to ischemic heart disease. ] Am Coll Cardiol 1997;29:1060-6.

17. Hall SA, Cigarroa CG, Marcoux L, Risser RC, Grayburn PA, Eichhorn
EJ. Time course of improvement in left ventricular function, mass, and ge-
ometry in patients with congestive heart failure treated with B-adrenergic
blockade. ] Am Coll Cardiol 1995;25:1154-61.

18. Lowes BD, Gill EA, Abraham WT, et al. Effects of carvedilol on left

N Engl J Med, Vol. 346, No. 18 -

ventricular mass, chamber geometry, and mitral regurgitation in chronic
heart failure. Am J Cardiol 1999;83:1201-5.

19. Bristow MR, O’Connell JB, Gilbert EM, et al. Dose-response of
chronic B-blocker treatment in heart failure from either idiopathic dilated
or ischemic cardiomyopathy. Circulation 1994;89:1632-42.

20. Gilbert EM, Mestroni L, Anderson JL, Woodley SL, Bristow MR.
Can response to B-blocker therapy in idiopathic dilated cardiomyopathy be
predicted by baseline parameters? Circulation 1989;80:Suppl IT1:11-428. ab-
stract.

21. Woodley SL, Gilbert EM, Anderson JL, et al. B8-Blockade with bucin-
dolol in heart failure caused by ischemic versus idiopathic dilated cardio-
myopathy. Circulation 1991;84:2426-41.

22. Bristow MR, Gilbert EM, Abraham WT, et al. Carvedilol produces
dose-related improvements in left ventricular function and survival in sub-
jects with chronic heart failure. Circulation 1996;94:2807-16.

23. Rahko PS. Comparative efficacy of three indexes of left ventricular per-
formance derived from pressure-volume loops in heart failure induced by
tachypacing. ] Am Coll Cardiol 1994;23:209-18.

24. Bristow MR. Management of heart failure. In: Braunwald E, Zipes
DP, Libby P, eds. Heart disease: a textbook of cardiovascular medicine. 6th
ed. Vol. 1. Philadelphia: W.B. Saunders, 2001:635-58.

25. Cohn JN, Johnson GR, Shabetai R, et al. Ejection fraction, peak ex-
ercise oxygen consumption, cardiothoracic ratio, ventricular arrhythmias,
and plasma norepinephrine as determinants of prognosis in heart failure.
Circulation 1993;87:Suppl VI:VI-5-VI-16.

26. Cintron G, Johnson G, Francis G, Cobb F, Cohn JN. Prognostic sig-
nificance of serial changes in left ventricular ¢jection fraction in patients
with congestive heart failure. Circulation 1993;87:Suppl VI:VI-17-VI-23.
27. Bristow MR. Mechanism of action of beta-blocking agents in heart
failure. Am ] Cardiol 1997;80:Suppl:26L-40L.

28. Zaret BL, Wackers FJ. Measurement of right ventricular function. In:
Gerson MC, ed. Cardiac nuclear medicine. 2nd ed. New York: McGraw-
Hill, 1991.

29. Schwartz K, Chassagne C, Boheler KR. The molecular biology of
heart failure. ] Am Coll Cardiol 1993;22:Suppl A:30A-33A.

30. Colucci WS. Molecular and cellular mechanisms of myocardial failure.
Am ] Cardiol 1997;80:Suppl:15L-25L.

31. Linck B, Boknik P, Baba HA, et al. Long-term beta adrenoceptor-
mediated alteration in contractility and expression of phospholamban and
sarcoplasmic reticulum Ca++-ATPase in mammalian ventricle. J Pharma-
col Exp Ther 1998;286:531-8.

32. Boluyt MO, Long X, Eschenhagen T, et al. Isoproterenol infusion in-
duces alterations in expression of hypertrophy-associated genes in rat heart.
Am J Physiol 1995;269:H638-H647.

Copyright © 2002 Massachusetts Medical Society.

May 2, 2002 - www.nejm.org - 1365

Downloaded from www.nejm.org on September 5, 2008 . For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



