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Abstract

Background: The most common cause of chronic heart
failure in the US is secondary or primary dilated car-
diomyopathy (DCM). The DCM phenotype exhibits
changes in the expression of genes that regulate contractile
function and pathologic hypertrophy. However, it is un-
clear if any of these alterations in gene expression are dis-
ease producing or modifying.

Materials and Methods: One approach to providing evi-
dence for cause-effect of a disease-influencing gene is to
quantitatively compare changes in phenotype to changes in
gene expression by employing serial measurements in a
longitudinal experimental design. We investigated the
quantitative relationships between changes in gene expres-
sion and phenotype n 47 patients with idiopathic DCM. In
endomyocardial biopsies at baseline and 6 months later, we
measured mRNA expression of genes regulating contractile
function (B-adrenergic receptors, sarcoplasmic reticulum

Ca®* ATPase, and a- and B-myosin heavy chain isoforms)
or associated with pathologic hypertrophy (8-myosin heavy
chain and atrial natriuretic peptide), plus B-adrenergic
receptor protein expression. Left ventricular phenotype was
assessed by radionuclide ejection fraction.

Results: Improvement in DCM phenotype was directly
related to a coordinate increase in a- and a decrease in 8-
myosin heavy chain mRNA expression. In contrast, modi-
fication of phenotype was unrelated to changes in the ex-
pression of B;- or B,-adrenergic receptor mRNA or
protein, or to the mRNA expression of sarcoplasmic retic-
ulum Ca®* ATPase and atrial natriuretic peptide.
Conclusion: We conclude that in human DCM, pheno-
typic modification is selectively associated with myosin
heavy chain isoform changes. These data support the hy-
pothesis that myosin heavy chain isoform changes con-
tribute to disease progression in human DCM.

Introduction

Disease phenotypes are ultimately the result of
changes in gene expression. In the chronically failing
hypertrophied human heart, selective changes in the
expression of genes that could potentially modify
phenotype have been reported (1-8), typically in ex-
planted human hearts at the end stage of the disease
process (1-6). Reported alterations in gene expression
in this setting include changes in the mRNA or pro-
tein expression of components of B-adrenergic signal
transduction (2-4), calcium handling proteins (1,5),
and contractile proteins (6). However, in these studies
it has been difficult to determine which alterations in
gene expression are fundamentally related to contrac-
tile dysfunction as opposed to those which are epi-
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phenomena associated with advanced disease. An-
other interpretative challenge in these studies has
been the difficulty of distinguishing between adap-
tive versus maladaptive processes, because many of
the described changes are products of compensatory
mechanisms that can produce either benefit or harm.

Additionally, because end-stage failing hearts or
the organ donor-procured controls used in these
studies may be affected by a multitude of ancillary
factors, it is important to ultimately investigate gene
expression in the intact heart. In the intact heart,
starting material can be obtained from less advanced
myocardial failure and controls are not subjected to
the profound homeostatic disruption of brain death
(9). Also, studies in the intact heart may be con-
ducted longitudinally employing serial measure-
ments (8,10-12), which theoretically allows for de-
tection of gene expression changes more directly
associated with phenotypic modification. Impor-
tantly, because gene regulation is combinatorial
(13), a strong case can be made for investigating


tph



W. T. Abraham et al.: Myosin Heavy Chain Isoform Gene Expression and DCM 751

gene expression in intact tissues where the net effect
of multiple regulatory influences can be assessed.

Using reverse transcription quantitative PCR
(RT-QPCR), it is possible to measure the steady-
state mRNA abundance of multiple genes in small
amounts of starting material (14), such as endomy-
ocardial biopsy (1,7,8,12,15). Treatment of chronic
heart failure subjects with B-adrenergic blocking
agents is associated with improvement in systolic
function and a reversal of remodeling in the major-
ity of subjects with a dilated phenotype (16), within
a time frame of 4 to 12 months (16-21) that is
amenable to serial investigation. This contrasts with
the time course of the natural history of dilated car-
diomyopathies, which is that of slow (time course of
years) progression in phenotype and clinical seque-
lae (22,23). The current investigation is an analysis
of the quantitative relationships between changes
in phenotype and the expression of contractility-
regulating or pathologic hypertrophy-associated
genes in a subject population of idiopathic dilated
cardiomyopathy (IDC) patients treated for 6 months
with placebo or B-adrenergic blockade.

Methods
Clinical Protocol

This study was designed to investigate changes in
gene expression associated with phenotypic modu-
lation in IDC, irrespective of treatment. Fifty-three
subjects with symptomatic IDC and left ventricular
ejection fraction (LVEF) were randomized to 6
months treatment with placebo, metoprolol tartrate,
or carvedilol. Details of this treatment protocol are
published elsewhere (8). Forty-nine subjects com-
pleted this protocol, and the current report concerns
the 47 individuals who had complete (baseline and
after 6 months of treatment) mRNA (n = 45) or B-
adrenergic receptor protein (# = 36) measurements.

Right Ventricular Endomyocardial Biopsy
and Right Heart Catheterization

Right heart catheterization and endomyocardial biopsy
with allocation of tissue for mRNA and B-receptor
protein measurements were performed from the right
internal jugular vein as previously described (7,8).

Messenger RNA Expression Measurements
in Endomyocardial Biopsy Material

Messenger RNA abundance for six different genes
(B1- and B,-adrenergic receptors, «- and B-myosin
heavy chain [MyHC], atrial natriuretic peptide
[ANP], and SR Ca’" ATPase [SERCA-2a or SRCA])
was quantified in extracted total RNA, by RT-PCR
using previously described methods (7,8).

B-Adrenergic Receptor Measurements in Endomyocardial
Biopsy Material, Catecholamine Measurements

Total B-receptor density and B,- and pB,-receptor
subtypes were measured in biopsy material as

previously described (7,8). Norepinephrine and ep-
inephrine were determined in plasma from coronary
sinus blood by a previously described radioenzy-
matic method (11).

Left and Right Ventricular Ejection Fraction Measurements
by Radionuclide Ventriculography

LVEF and right ventricular ejection fraction (RVEF)
were measured by in vitro red blood cell labeling
and imaging techniques as previously described
(18,20), and the results were expressed in EF units
([stroke volume/end diastolic volume] X 100). For
RVEF a first-pass technique was employed, and for
LVEF an equilibrium technique was used.

Statistical Analysis

The 45 subjects who had baseline and end-of-study
mRNA measurements were rank ordered according
to change in LVEF into three groups without regard
to treatment type. For the 45 subjects who had base-
line and end-of-study mRNA measurements, 15
subjects with an LVEF change from —11 and +2
(average —2.2 *= 1.1[standard error of the mean;
SEM]) EF units comprised the Declined/No Change
function group, 15 subjects with an LVEF change
from +5 and +17 (average 12.2 * 0.9) EF units com-
prised the Improved group, and 15 subjects with
changes from +18 and +44 (average 25.5 * 1.8) EF
units comprised the Marked Improvement group.
The 36 subjects who had baseline and end-of-study
receptor protein measurements were also rank or-
dered by LVEF change. Eleven subjects comprised
the Declined/No Change function group (average
change —3.5 * 1.2 EF units, range —11 to +1 EF
units), 13 subjects were in the Improved group (av-
erage change 8.5 = 1.1 EF units, range 2-13 EF
units), and 12 subjects were in the Marked Improve-
ment group (average change 23.1 *= 1.6 EF units,
range 16-34 EF units). We chose to rank order ven-
tricular function change by LVEF rather than RVEF
because (1) gene expression changes on the right side
of the septum are closely related to those that occur
in both the LV and RV free walls (6), presumably be-
cause the septum is a wall shared by both chambers,
(2) with radionuclide techniques LVEF is more ac-
curately measured than is RVEF (24), (3) 14 of the
45 study subjects had normal (=40 EF units) RVEF
values at baseline, and (4) as shown in Results, the
ordered classification of LVEF changes also resulted
in incrementally increasing RVEF changes.

Changes in receptor protein, mRNA, and other
variables of interest among the three LV function
change groups were analyzed by three methods. In
the first method, in which the LV function change
groups were treated as ordinal variables, the rela-
tionships between various interval-level outcome
variables and the ordinal-level change in LVEF
were assessed with an ordinal trend test. This test is
analogous to a test of bivariate regression used to
assess a dose-response relationship between two
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interval-level variables. When the predictor variable
(X) is ordinal level then the interpretation of a dose
response is that changes in the outcome variable (Y)
between successive values of X be uniform. In the
general linear model, X is submitted as a nominal-
level variable and specific contrasts are used to ask if
the deltas are uniform. When X has three levels,
with corresponding Y values Y, Y,, and Y3, a single
contrast, with one degree of freedom, is used to ask
if Y, equals the mean of Y, and Y;. A low p value for
this contrast indicates substantial deviation from
uniformity of the deltas. This analysis assumes only
that each ascending class of LV function change is
greater than the preceding one, and it is useful for
detecting the presence of a systematic relationship
between dependent and independent variables
while making no assumptions about the quantita-
tive nature of such a relationship.

In the second method, the relationship of
changes in LV function to changes in the variables of
interest was assessed by linear regression analysis,
treating LVEF change as a continuous interval vari-
able, with and without statistical adjustment for
effect of treatment group. In the third method, the
three LV function change groups were analyzed in-
dependently by ANOVA and the Bonferroni multi-
ple comparison test, with the model adjusted to sta-
tistically control for any effect of treatment group.

Changes in measured parameters among the
three treatment groups were assessed by ANOVA/
Bonferroni, and changes within treatment group by
paired ¢ test. LVEF and RVEEF class differences among
treatment groups were also assessed by contingency
table analysis of the rank-ordered EF changes into
Decline/No Change, Improved, and Marked Improve-
ment groups. Changes in New York Heart Association
(NYHA) class among LV function change groups were
assessed by the Spearman rank correlation coeffi-
cient. Potential differences within functional change
and treatment groups were assessed by Student’s
paired t test. Differences between baseline values
in IDC subjects versus nonfailing controls were as-
sessed by Student’s unpaired f test. Baseline data are
given with variance estimated as standard deviation,
and changes are given with variance estimated as
SEM. A two-sided p value < .05 was considered to
be statistically significant. p values for the ordinal
trend test, ANOVA, and linear regression were ad-
justed for the effect of treatment group.

Results
Subject Demographics

Table 1 gives the demographics and other clinical
descriptors of the 47 subjects with heart failure from
IDC that had complete (baseline and after 6 months
of treatment) ventricular function and mRNA (n =
45) or B-adrenergic receptor protein (n = 36) mea-
surements. The subject population is a relatively
young (mean age 53 years) heart failure group with

Table 1. Patient demographics (7 = 47)

Parameter Mean Value * SD
Age (Y) 53 £ 11
Gender (F/M) 20/27
LVEF (EF units) 21.6 = 8.2
RVEF (EF units) 32.8 + 10.8
Peak Vo, (ml/kg/min) 16.2 = 4.6
NYHA class (II/TII/IV) 10/36/1
Heart rate (beats/min)* 87.0 = 16.8
Mean arterial pressure (mm Hg)* 85.9 + 12.8
Right atrial mean pressure (mm Hg) 5.9 £ 4.9
Pulmonary artery mean
pressure (mm Hg) 25.5 £ 9.2
Pulmonary wedge mean
pressure (mm Hg) 13.6 7.3
Cardiac index (I/min/m?) 2.44 *+ 0.59
Stroke volume index (ml/beat/m?) 29.2 + 9.0
LV stroke work index (g-m/m?) 29.5 = 12.2
+

Coronary sinus norepinephrine (pg/ml) 982 * 673

*Measured at the time of catheterization.

moderate symptoms (majority NYHA Class III), se-
vere LV dysfunction (mean LVEF 21.6 EF units), pre-
served resting hemodynamics (mean cardiac index
2.44 mL/min/m?), mild volume overload (mean pul-
monary wedge pressure 13.6 mm Hg, mean right atrial
mean pressure 5.9 mm Hg), moderate exercise intoler-
ance (mean peak VO, 16.2 ml/kg/min), and marked
cardiac adrenergic activation (mean coronary sinus
norepinephrine 982 pg/ml). There were no differences
in any baseline demographic measurement between
subjects assigned to the three treatment groups.

Baseline Gene Expression Data

Baseline mRNA and B-receptor protein data in the
47 IDC subjects are reported elsewhere (8) and con-
sisted of decreases in the mRNA and protein expres-
sion of B,-adrenergic receptors, decreases in the
mRNA expression of SRCA and a-MyHC genes, and
a respective increase or trends for an increase in the
mRNA expression of ANP and 8-MyHC.

Effect of Treatment

Between-Group Changes By treatment group com-
parison the only statistically significant changes
among groups were in LVEF, where by ANOVA the
metoprolol and carvedilol groups exhibited greater
numerical increases than the placebo group (that
were not quite significant after Bonferroni multiple
group correction), and peak exercise heart rate,
where both B-blocker groups exhibited greater de-
grees of reduction (Table 2).
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Table 2. Changes in measured parameters by treatment group (+*SEM), subjects who had complete mRNA
or B-adrenergic receptor measurements (n = 47)

Placebo Metoprolol Carvedilol ANOVA

Parameter (n = 14) (n = 14) (n=19) p Value
NYHA class (I/III/IV) —0.2 = 0.2 -0.6 = 0.1F -0.4 = 0.1F 0.19
LVEF (EF units) 4.8 +2.9 13.9 = 2.5% 15.4 = 3.11 0.033
RVEF (EF units) 4.1 = 2.1% 9.5 = 3.1% 9.0 = 2.8" 0.35
Peak Vo, (ml/kg/min) 1.6 * 1.2 14+ 1.2 0.4 * 1.1 0.75
Peak exercise heart rate —-2.8*5.3 -29.3 + 58"t —28.6 = 4.71 0.005
(beats/min)
Resting heart rate (beats/min) —8.4 *5.5 —22.0 + 4.0t -17.0 = 3.7F 0.12
Mean arterial pressure (mm Hg)* —7.2 = 4.2% —-0.2 £ 5.0 —-1.0 £ 2.9 0.45
Right artrial mean pressure (mm Hg) 1.2 £ 1.1 -2.1*15 —-1.3 £ 0.9 0.17
Pulmonary artery mean -1.8 * 1.6 -3.8 +3.1 -5.4 = 1.9% 0.56
pressure (mm Hg)
Pulmonary wedge mean -1.0 = 1.5 —4.5 * 2.9 -4.3 = 1.6% 0.47
pressure (mm Hg)
Cardiac index (I/min/m?) —0.10 = 0.19 0.03 = 0.23 0.20 = 0.15 0.50
Stroke volume index 3.0 + 2.1 9.2 + 2.6" 10.3 = 3.1% 0.24
(ml/beat/m?)
LV stroke work index (g-m/m?) 0.7 £ 2.8 10.3 = 2.47 11.1 = 3.7F 0.09
Arterial norepinephrine (pg/ml) —432 + 1757 —351 * 268 152 = 91 0.19
Coronary sinus —400 * 1531 —222 * 219 —60 = 148 0.38
norepinephrine (pg/ml)
Gene Expression
(Molecules mRNA X Placebo Metoprolol Carvedilol
10°/ug Total RNA) (n =13) (n =14) (n =18) p
B1-Adrenergic receptor (3,AR) 0.31 = 0.42 0.15 £ 0.18 0.07 = 0.40 0.90
B»-Adrenergic receptor (8,AR) 0.35 £ 0.22 0.18 £ 0.18 0.17 = 0.58 0.95
Atrial natriuretic peptide (ANP) —39.0 = 17.07 —12.5 = 8.7 —35.8 = 12.2F 0.31
SR Ca®" ATPase-2a (SRCA) 10.0 * 6.2 44+ 4.0 3.9 45 0.64
a-Myosin heavy chain (a-MyHC) 0.2 £2.2 4.1 + 2.0% 05 *14 0.24
B-Myosin heavy chain (3-MyHC) 11.7 = 12.0 —26.5 = 15.6 9.7 =133 0.11
Total myosin heavy chain 11.9 = 11.2 —23.3 = 143 10.3 = 134 0.13
% a-MyHC 0.7+ 1.5 4.7 + 2.4% 0.5 + 1.1 0.15
B-Adrenergic Receptor Placebo Metoprolol Carvedilol
Protein (fmol/mg) (n =13) (n = 10) (n=13) p
Total B-Adrenergic 13.3 + 9.1 24.5 + 5.7% 21.5 + 9.31 0.64
receptor density
B1-Adrenergic receptor density 16.1 = 11.2 19.1 + 6.9T 19.0 = 7.8T 0.96
B,-Adrenergic receptor density —2.8 £ 35 5.4 * 5.2 2.5+ 2.8 0.31
% [:-Adrenergic receptors 16.9 + 6.8T 49 +94 2.6 5.7 0.28

*p < .05 versus placebo by ANOVA, Bonferronia.

tp < .05 within group (paired 7).
1:p < .10 within group (paired f).
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Within-Group Changes There were multiple sig-
nificant (p < 0.05) changes in the measured parame-
ters within treatment groups, as presented in Table 2.
The placebo group exhibited decreases in ANP
mRNA abundance and coronary sinus or arterial
norepinephrine, and an increase in 3,-adrenergic re-
ceptors percent. The metoprolol group had increases
in total B- and B,-adrenergic receptor densities, LVEF,
RVEE stroke volume, and LV stroke work indices,
and decreases in peak exercise heart rate, NYHA
class, and resting heart rate. In the carvedilol group,
there were increases in total 8- and ,-adrenergic re-
ceptor density, LVEF, RVEF, stroke volume, and LV
stroke work indices, and decreases in peak exercise
heart rate, NYHA class, ANP mRNA abundance, pul-
monary wedge mean pressure, pulmonary artery
mean pressure, and resting heart rate.

Changes in Hemodynamics, Cardiac Adrenergic Drive,
Functional Capacity, NYHA Class, and RVEF by LV
Function Change Group or by Linear Regression Analysis
of LVEF Change

Between-Group Changes Table 3 gives the changes
in LVEE, RVEF, hemodynamics, and other measured

responses in the three LVEF change groups for sub-
jects who had complete mRNA measurements. As
shown in Table 3, LVEF by definition and RVEF data
exhibit sequential increases among the three LV
function change groups. The only other hemody-
namic variable listed in Table 3 that had a significant
change by ordinal trend test was pulmonary artery
mean pressure. NYHA functional class did not differ
among groups by ordinal trend test (p = 0.42) or
Spearman rank correlation coefficient (p = 0.16). By
ANOVA, pulmonary wedge pressure and pulmonary
artery mean pressure exhibit decreases in the Marked
Improvement group as compared to the Improved or
Decline/No Change groups.

With linear regression analysis using change in
LVEF as a continuous variable, RVEF change was
positively related (r = 0.51, p = 0.001), and pul-
monary artery mean pressure (r = —0.37, p = 0.029)
was negatively related. No other hemodynamic
changes were significantly related to change in LVEFR.

Within-Group Changes The Decline/No Change
group exhibited a decrease in heart rate and an in-
crease in stroke volume index. The Improved group

Table 3.

Changes in LVEF, RVEF, hemodynamics, coronary sinus norepinephrine, and peak Vo, in three LV

function change groups, subjects with complete mRNA measurements (7 = 15/group)

p Value, Ordinal

Parameter (Units) Decline/No Change Improved Marked Improvement Trend Test
LVEF (EF units) -2.2 *+ 1.18 12.2 * 0971 255 + 1.87*t 0.0001
RVEF (EF units) -0.2 £ 1.9 10.2 + 2.3"F 13.5 = 3.1°1 0.0008
Heart rate (BPM) —14.2 = 5.5T -15.4 = 3.7F -19.9 = 4.87 0.91
Mean arterial pressure —3.8*+3.8 —2.1 =47 —1.5 *+ 4.1 0.99
(mm Hg)

Right atrial mean pressure 0.2 1.2 —-0.1 £ 1.2 -2.2*13 0.61
(mm Hg)

Pulmonary artery mean -2.1 2.1 +2.0 -9.9 + 2,171 0.04
pressure (mm Hg)

Pulmonary wedge mean -13 £ 1.7 —0.2 =+ 1.8 —8.4 £ 2.3%F 0.07
pressure (mm Hg)

Cardiac index (l/min/mz) 0.02 £ 0.19 —0.14 £ 0.17 0.26 = 0.20 0.62
Stroke volume index 7.5 = 3.17 =23t 11.1 = 3.6t 0.83
(ml/beat/m?)

LV stroke work index 6.1 = 2.85 +2.5 13.9 * 4.27 0.41
(g-m/m?)

Coronary sinus —258 * 168 —149 £ 171 —206 * 209 0.72
norepinephrine (pg/ml)

Peak Vo, (ml/kg/min) 1.0 = 1.5 0.8+ 1.4 1.3 * 0.9 0.72

*p < .05 versus Decline/No Change (ANOVA).

*#p < .05 versus Improved (ANOVA).

tp < .05 within group (paired t-test).

Sp < .10 within group (paired t-test).

Ordinal trend test p values are adjusted for treatment group.
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had increases in LVEF, RVEEF, and stroke volume in-
dex, and a decrease in heart rate. The Marked Im-
provement group exhibited an increase in LVEF
RVEF, stroke volume index, and left ventricular
stroke work index, and a decrease in pulmonary
wedge mean pressure, pulmonary arterial mean
pressure, and heart rate.

Changes in mRNA Expression by LV Function Change
Group or Linear Regression Analysis of LVEF Change

Between-Group Changes Figures 1 through 4 give
the changes in mRNA expression in the LV function
change groups. As shown in Figure 1, there were no
changes in B-adrenergic receptor mRNA expression
associated with changes in left ventricular function.
There were also no changes in B8,- or 8,-adrenergic
mRNA abundance within any of the function
change groups. Similarly, Figure 2 demonstrates
that SRCA and ANP gene expression is not different
among the different functional groups.

In contrast, there were changes in both «- and
B-MyHC that incrementally increased with the
function change groups (Fig. 3). Across the three LV
function change groups, by adjusted ordinal trend test,
there were ascending increases in a-MyHC (p = 0.012)
and ascending decreases in 8-MyHC (p = 0.007). A
similar pattern of ascending decrease was shown for
total MyHC (Fig. 4, p = 0.014). Because of the pro-
gressive increases in «-MyHC and decreases in -
MyHC gene expression with increasing LV and RV
function, there was also a progressive increase in the
percent of a-MyHC/total MyHC as function improved
(Fig. 4, ordinal trend test p = 0.026).

For linear regression analysis using change in
LVEF as a continuous variable, LVEF change was pos-
itively related to change in a-MyHC steady-state
abundance (r = 0.34, p = 0.023) and to percent a-MyHC
(r = 0.29, p = 0.045), and negatively related to change
in B-MyHC (r = —0.43, p = 0.002), and total MyHC
(r = —0.42, p = 0.003). No other changes in mRNA ex-
pression were significantly related to change in LVEFE
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Fig. 1. Changes in ;- and 3,-adrenergic receptor (AR)
mRNA abundances by three LV function change group. p
values refer to expression-response analysis. ANOVA was also
nonsignificant for both mRNAs.
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Fig. 2. Changes in ANP and SRCA mRNA abundances by

three LV function change group. Note y axis is logarithmic. p
values refer to expression-response analysis. ANOVA was also

nonsignificant for both mRNAs.

Within-Group Changes Within function change
groups, the Declined/No Change group exhibited an
increase (p < 0.05 by paired #-test) in 8-MyHC and
total MyHC, and a trend (p < 0.10) for a decrease
in ANP mRNA expression. The Improved group
had an increase in a-MyHC and percent a-MyHC
plus a trend for an increase in B,-receptor, and a
decrease in ANP mRNA expression. The Marked
Improvement group exhibited trends in increases in
a-MyHC and percent a-MyHC, and trends for de-
creases in B-MyHC, total MyHC, and ANP mRNA
expression.

Changes in B-Adrenergic Receptor Protein Expression by LV
Function Change Group or Linear Regression Analysis
of LVEF Change

Between-Group Changes As shown in Figure 5,
by expression-response analysis, there were no
differences in the expression of total 8-, B8,-, or B,-
adrenergic receptor protein expression among the
three function change groups constructed for the
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Fig. 3. Changes in a- and -MyHC mRNA abundances by
three LV function change groups. Note y axis is logarithmic.
p values refer to ordinal trend test. ANOVA p values were 0.027
for a-MyHC and 0.022 for 8-MyHC.
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Fig. 4. Changes in total (a- plus B-) MyHC mRNA abun-
dance and in percent a-MyHC/total MyHC by three LV
function change groups. Note y axis is logarithmic for total
MyHC. p values refer to expression-response analysis. ANOVA
p values are 0.034 for total MyHC and 0.076 for percent a-MyHC.

36 subjects with complete B-adrenergic receptor
protein measurements. For 3,-receptors, by ANOVA
the Improved group had an increased level of
expression compared to the Decline/No Change
or Marked Improvement group. There were no
significant differences between LV function change
and receptor protein expression using LVEF change
as an ordinal or continuous variable for any recep-
tor type.

Within-Group Changes As shown in Figure 5, the
Decline/No Change and Marked Improvement groups
exhibited similar within-group increases in 8;- and
total B-adrenergic receptor densities, and the Im-
proved group exhibited an increase in B3,-adrenergic
receptor protein expression that was not present in the
Decline/No Change or Marked Improvement groups.
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Fig. 5. Changes in ;- and B,-AR protein in three LV func-
tion change groups. N = 11 for Decline/No Change, N = 13
for Improved, and N = 12 for Marked Improvement. p values
refer to expression-response analysis. Corrected ANOVA p val-
ues are nonsignificant for total 8- and B,-receptor densities, and
0.025 for B,-receptor density.

Coordinate Changes in a-, B-MyHC mRNA Expression

Figure 6 illustrates the changes in 8-MyHC versus
a-MyHC, SRCA, ANP, and B,-adrenergic receptor
mRNA abundance across all subjects and all EF
changes. As can be seen, changes in 3-MyHC and «-
MyHC are coordinate, with a decreases in B-MyHC
related to increases in «-MyHC. In contrast, changes
in B-MyHC are unrelated to two other genes ordi-
narily considered to be part of the fetal gene pro-
gram, ANP and SRCA. Changes in 3-MyHC are also
unrelated to changes in 3,- or 8,-adrenergic receptor
mRNA (data not shown).

Discussion

The most common cause of heart failure in the United
States is secondary or primary dilated cardiomyopa-
thy, phenotypically characterized by hypertrophy,
ventricular chamber dilatation, and decreased contrac-
tile function (25). The alterations in gene expression
responsible for dilated cardiomyopathy phenotypes
remain unidentified. In terms of contractile dysfunc-
tion, leading contenders include changes in compo-
nents of B-adrenergic signal transduction, calcium-
handling mechanisms, and contractile proteins (2).
For ventricular pathologic hypertrophy, a net in-
crease in contractile protein and sarcomeres through
the activation of myocardial growth fetal genes that
include B-MyHC has been described (6,7,26-29).
The induction of pathologic hypertrophy and the de-
velopment of contractile dysfunction are interre-
lated, because the increased expression of S-MyHC
and associated decreased expression of a-MyHC and
other genes such as SRCA (28,29) decrease systolic
and diastolic function (2).

In this study, we utilized the substantial changes
in the dilated cardiomyopathy phenotype that occur
variably in chronic heart failure patients treated
with B-blockade or placebo to create a dynamic phe-
notypic model suitable for investigation of the mol-
ecular basis of myocardial failure. The advantage of
such a model is considerable, because candidate
genes whose expression is not associated with
phenotypic modification can be distinguished and
eliminated from consideration. Improvement in di-
lated cardiomyopathy phenotype in response to 8-
blocker therapy involves an increase in velocity of
ventricular pressure development (16), an upward
and leftward shift in depressed left (16) and right
(20) ventricular function curves indicative of im-
proved intrinsic systolic function, and a decrease in
ventricular volume (16-21) and mass (16,17,21).
Primary dilated cardiomyopathy—ID C—was chosen
for investigation because IDC is relatively common
and its gene expression profile is similar to more
common secondary cardiomyopathies (6,25,30). The
high response rate of IDC to 8-blockade plus sponta-
neous improvement in some subjects in the placebo
group led to substantial numbers of subjects exhibit-
ing improvement in LVEF, including 15 subjects
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(A) Changes between baseline and 6 months in a-MyHC expression versus B-MyHC mRNA abundance for all subjects.

(B) Changes in SRCA versus 3-MyHC mRNA abundance. (C) Changes in ANP versus 8-MyHC mRNA abundance. (D) Changes in

B1-adrenergic receptor versus f-MyHC mRNA abundance.

with a change of more than 17 EF units, a degree of
improvement that amounts to normalization or near
normalization of left ventricular function. LVEF was
used to measure systolic contractile function because
the test is readily available and is standardized, and
because LVEF is less load-dependent than standard
hemodynamic measurements (31). Moreover, across
the three LV function change groups analyzed by or-
dinal trend test, there were no changes in LV loading
conditions that might have confounded the analysis.
That is, mean arterial pressure did not change signif-
icantly across the three groups, and the trend toward
a lower mean pulmonary wedge pressure in the
Marked Improvement group would tend to lower,
not increase, ejection fraction. Thus, in this study
LVEF change should accurately reflect changes in LV
systolic function. Because the ejection fraction calcu-
lation is heavily influenced by end-diastolic volume,
in dilated cardiomyopathies LVEF is also an esti-
mate of the degree of chamber dilatation or remod-
eling (32).

The IDC population investigated in this study
exhibited the gene expression abnormalities previ-
ously reported by our (1,4,6-8,30) and other (3,5,15)
laboratories. These changes include components of
fetal gene program induction (increased mRNA ex-

pression of ANP and 8-MyHC, decreased expression
of a-MyHC and SR Ca®>* ATPase), and the conse-
quences of chronic adrenergic activation (down-
regulation in B;-receptor mRNA and protein expres-
sion). The question addressed by this study is which
of these gene expression abnormalities most closely
relates to modifications in dilated cardiomyopathy
phenotype measured over a 6-month period in all
subjects, regardless of treatment. Because the nature of
the relationship between gene expression and any re-
lated LVEF change is uncertain and because EF
change is unlikely to be linearly related to changes in
intrinsic function or degree of pathologic hypertrophy,
several types of statistical models were employed.
The results of this study indicate that changes in
the mRNA expression of two genes whose regula-
tion is coordinately linked (33), @- and B-MyHC, are
selectively associated with modifications in ventric-
ular systolic function and remodeling. The expres-
sion of a-MyHC exhibited a statistically significant
progressive increase across ascending LV function
change groups, from a negative value in the
Decline/No Change group to increasingly positive
values in the Improved and Marked Improvement
groups. Conversely, B-MyHC gene expression
exhibited a decrease from a positive change value in
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the Decline/No Change group to progressively more
negative values in the Improved and Marked Im-
provement groups. If translated into proportional
changes in protein expression (34), such changes in
MyHC isogene expression could potentially im-
prove intrinsic systolic and diastolic function (35)
because the a-MyHC isoform has a much higher
myosin ATPase activity than the B8-isoform, resulting
in a faster velocity of shortening and rate of cross-
bridge cycling (26,27,35). In rodent (35-37) and rab-
bit (38) models of pathologic hypertrophy and
myocardial failure, coordinate decreases in «-MyHC
and increases in B-MyHC mRNA and protein expres-
sion are associated with a reduction in velocity of
shortening and other measures of systolic function.
Although in the current study the small amounts
of starting material precluded measurement of «-
and B-MyHC protein, in gram quantities of failing
explanted human left ventricular myocardium
changes in gel electrophoresis-measured MyHC iso-
forms are directionally similar to changes in mRNA
(34). However, in human ventricular myocardium
the absolute expression of a-MyHC protein is much
less than its mRNA expression (32,39). For example,
in nonfailing left ventricles «-MyHC protein expres-
sion is 5-10% of total MyHC, versus 25-30% for
mRNA (34). Although the protein expression of a-
MyHC decreases to near zero in failing hearts
(34,39), it is unclear if such a small absolute change
can account for a decrease in intrinsic contractile
function. In favor of such small changes being func-
tionally significant are the observations that (1) in
model systems small amounts (~10%) (40) or
changes (37) of a-MyHC have relatively large effects
on force development and (2) recent data from our
laboratory demonstrating that human cardiac «-
MyHC has greater (relative to B-MyHC) specific
myosin and myofibrillar ATPase activities than has
been in reported in rat or rabbit hearts (K. Nunley
et al., submitted). Thus an increase in percent «MyHC
isoform expression is a molecular change that could
causally relate to improved function. Alternatively,
changes toward normal in MyHC isoforms could
simply be a molecular marker of de-induction of the
fetal gene program, with other components account-
ing for the actual improvement in function.
Similarly, the progressive decrease in total
MyHC (e-MyHC + B-MyHC) gene expression with
increasing LVEF (and decreasing end diastolic vol-
ume) (32) is a molecular measure of reverse remod-
eling; MyHC is a major structural protein of the my-
ocardial contractile element (41). As a molecular
index of reverse remodeling, in the current study
changes in total MyHC or 8-MyHC appeared to be
superior to the indirect hypertrophic marker ANP, be-
cause total or B-MyHC but not ANP expression ex-
hibited an incremental decline as remodeling pro-
gressively decreased. ANP gene expression decreased
or tended to decrease in all LV function/diastolic
volume change groups, indicating that this molecular

phenotypic marker was nonspecifically responding
to the general treatment of chronic heart failure. This
was confirmed by significant reductions in ANP
gene expression within the placebo and carvedilol
treatment groups.

There were also no changes in 8,-adrenergic re-
ceptor gene or protein expression or in SRCA gene
expression that were systematically associated with
changes in ventricular function. In subjects treated
with B-blocking agents SRCA increases selectively
in subjects who exhibit an improvement in LVEF,
but spontaneous LVEF responders treated with
placebo do not exhibit increases in SRCA (8). There-
fore, in the current analysis that included subjects
treated with or without B-blockade, there was no re-
lationship between change in SRCA gene expres-
sion and change in phenotype. Total B- and S,-
adrenergic receptor protein density increased or
tended to increase in all three LV function change
groups. This indicates that changes in these molecu-
lar myocardial dysfunction candidates can occur in
response to heart failure medical treatment, unrelated
to modification of ventricular function or remodeling.
This was confirmed by significant increases in total
B- and B;-adrenergic receptor protein density within
the metoprolol and carvedilol treatment groups.

In this study, a-MyHC and 8-MyHC were coor-
dinately and reciprocally regulated across all
changes in LV function. In contrast, two other genes
ordinarily considered to be part of the fetal gene
program, ANP and SRCA, were not coordinately
regulated with B-MyHC. Coordinate, reciprocal reg-
ulation of cardiac MyHC isoforms in a variety of set-
tings, including pathologic hypertrophy and failure,
is well known in small animal models (42) and our
data extend these findings to the human heart. The
dissociation of regulation of B-MyHC from SRCA
and ANP indicates that fetal gene regulation is com-
plex, and may be individualized for MyHC isoforms
versus other members of this program.

In summary, the data presented in this study in-
dicate that in chronic heart failure patients with a di-
lated cardiomyopathy phenotype changes in MyHC
isogene expression measured in septal endomyocar-
dial biopsy material are closely associated with
modification in left ventricular function and cham-
ber remodeling. These associations are specific for
MyHC isoform expression, and are not observed for
several other molecular changes previously shown
to be present in the failing human heart. These ob-
servations suggest that modulation of MyHC isoforms
may be a therapeutic target for drug development in
chronic heart failure, particularly because such treat-
ment should result in cardiac specific effects.
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