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Gelpi RJ, Park M, Gao S, Dhar S, Vatner DE, Vatner SF.
Apoptosis in severe, compensated pressure overload predominates in
nonmyocytes and is related to the hypertrophy but not function. Am J
Physiol Heart Circ Physiol 300: H1062-H1068, 2011. First published
December 10, 2010; doi:10.1152/ajpheart.00998.2010.—It is widely
held that myocyte apoptosis in left ventricular hypertrophy (LVH)
contributes to left ventricle (LV) dysfunction and heart failure. The
main goal of this investigation was to determine if there is a statistical
relationship among LV hypertrophy, apoptosis and LV function, and
importantly whether the apoptosis occurs in myocytes or nonmyo-
cytes in the heart. We used both rat and canine models of severe LVH
induced by chronic thoracic aortic banding with resultant LV-aortic
pressure gradients 145-155 mmHg and increases in LV/body weight
of 58 and 70%. These models also provided the ability to examine
transmural apoptosis in LVH. In both models, the overwhelming
majority (88%) of apoptotic cells were nonmyocytes. The regressions
for apoptosis vs. LVH were stronger for nonmyocytes than myocytes
and also stronger in the subendocardium than the subepicardium.
Importantly, LV systolic and diastolic wall stresses were normal,
indicating that the apoptosis could not be attributed to LV stretch or
heart failure. In addition, there was no relationship between the extent
of apoptosis and LV ejection fraction, which actually increased (P <
0.05), in the face of elevated LV systolic pressure, indicating that
greater apoptosis did not result in a decrease in LV function. Thus, in
response to chronic, severe pressure overload, LVH in the absence of
LV dilation, and elevated LV wall stress, apoptosis occurred predom-
inantly in nonmyocytes in the myocardial interstitium, more in the
subendocardium than the subepicardium. The extent of apoptosis was
linearly related to the amount of LV hypertrophy, but not to LV
function.

heart failure; left ventricular hypertrophy; programmed cell death; left
ventricular wall stress

IT IS WIDELY RECOGNIZED THAT apoptosis increases with left
ventricular hypertrophy (LVH) and that the increased apoptosis
is a critical mechanism mediating the transition from compen-
sated hypertrophy to heart failure (1, 2, 4, 10, 12, 16). This
concept is based on the tacit assumption that the apoptosis
occurs in myocytes and that the reduction in contractile units in
the heart leads to failure. However, 75% (by the cell number)
of the cells in the heart are nonmyocytes (7). Interestingly, in
models of heart failure, particularly those that involve injury to
the heart, e.g., ischemia (8, 11, 14) or with pressure overload,
LVH where LV wall stress is increased or LV decompensation
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has occurred (3, 5, 13) have shown that apoptosis also occurs
in nonmyocytes in the heart. Whether nonmyocyte apoptosis
occurs in the compensated hypertrophied heart without an
increase in wall stress, particularly in the absence of myocar-
dial infarction and injury, is not known. Furthermore, it is not
known whether apoptosis relates to the severity of LVH,
whether it results in reduced LV function with more severe
LVH, and whether there is a transmural distribution of apop-
tosis.

The goal of this investigation was first to determine the
relationship between the extent of LVH and apoptosis where
LVH was induced by chronic thoracic aortic banding, and
whether with more severe LVH, LV function begins to decline.
The most important goal was to determine the extent to which
the apoptosis occurred in myocytes or nonmyocytes. To an-
swer these questions, it was important to study models of pure
hypertrophy, where decompensation had not occurred, and
myocytes were not stretched, since myocyte stretching also
leads to apoptosis (6). In addition, in heart failure, many
neurohormonal adjustments occur, which can also affect apo-
ptosis (15, 18). Accordingly, we measured LV function and
wall stress and verified that the hearts were well compensated,
despite severe LVH. We employed models of chronic pressure
overload LVH induced by aortic banding, both in dogs and
rats. These models permitted evaluation of transmural apopto-
sis and were characterized by LV-aortic pressure gradients
over 140 mmHg, levels not generally achieved in prior studies
of thoracic aortic banding, yet LV wall stress and end-diastolic
dimensions and pressures remained normal.

METHODS
Experimental Animal Models

Aortic banding in rats and measurement of LV function. Male
Sprague-Dawley rats (2.7 = 0.1 mo of age) were used for transverse
aortic constriction (TAC) and sham-operation in accordance with the
Institutional Animal Care and Use Committee (IACUC) at the New
Jersey Medical School. These studies were reviewed and approved by
the IACUC at the New Jersey Medical School. Rats were anesthetized
with a mixture of ketamine and xylazine (60 and 6 mg/kg, respec-
tively). The sternum was cut to the level of the second rib and
retracted sidewise to expose the thymus and the aorta. TAC was
created by tying a 6—0 braided polyester suture around the transverse
aorta against a 21-gauge needle, which was then removed. Four weeks
after aortic banding, closed-chest catheterization was performed. Two
high-fidelity catheter tip transducers (1.4 Fr; Millar) were used; one
was inserted in the right carotid artery and carefully advanced to the
left ventricle (LV), and the other was placed in the left femoral artery
and abdominal aorta. The pressures in the LV and abdominal aorta
were measured simultaneously to calculate the pressure gradient.

http://www.ajpheart.org

TT0Z ‘v 1snbny uo Bio ABojoisAyd-uesydle woly papeojumoq



http://ajpheart.physiology.org/

NONMYOCYTE APOPTOSIS AND LV HYPERTROPHY

Transthoracic echocardiography was performed using an Acuson
Sequoia 256 ultrasound system with a 13-MHz linear transducer.
Echocardiography studies were performed under light anesthesia
(Avertin, 2.5%-0.012 ml/g ip), the chest was shaved, and the animal
was then placed on a warmed pad. Electrode needles were connected
to each limb (Grass Technologies), and the electrocardiogram was
simultaneously recorded. Mice were imaged in a shallow left lateral
decubitis position. Two-dimensional parasternal short-axis imaging
plane was used to obtain M-mode tracings at the level of the papillary
muscles. LV internal dimensions and LV wall thickness were deter-
mined at systole and diastole. End-diastolic measurements were taken
at the maximal LV diastolic dimension, and end systole was defined
as the time of the most anterior systolic excursion of the posterior
wall. Measurements were taken from three consecutive beats for each
rat. Systolic function was evaluated from LV dimensions by the cubed
method as percentage of LV ejection fraction (LVEF): LVEF (%) =
[(LVEDD?® — LVESD?®/LVEDD?*] X 100, where LVEDD and
LVESD are LV end-diastolic diameter and LV end-systolic diameter. LV
systolic wall stress (LVSWS) was calculated as: LVSWS (g/em?) =
(1.35 X LVSP X LVIDs)/[4 X LVPWs X (I + LVPWs/LVIDs)],
where LVSP stands for LV systolic pressure and LVIDs and LVPWs
stand for LV internal diameter and LV posterior wall thickness in
systole, respectively. The same calculation was performed for LV
diastolic wall stress but considering the diastolic pressure and dimen-
sions.

Aortic banding in dogs and LV function measurement. Mongrel
dogs of either sex at 8—10 wk of age were anesthetized with 12.5
mg/kg sodium thiamylal maintained with halothane anesthesia (1-2
vol/100 vol) and ventilated with a respirator (Harvard apparatus). A
right thoracotomy was performed through the fourth intercostal space
by use of sterile surgical technique. The ascending aorta above the
coronary arteries was isolated and dissected free of surrounding tissue.
A 1-cm-wide Teflon cuff was placed around the aorta and tightened
until a thrill could be palpated over the aortic arch. Next, the chest was
closed. The Teflon band created a fixed supravalvular aortic lesion
that became relatively more stenotic as the animals grew. The dogs
were followed for 10—15 mo. After that, aortic-banded and sham dogs
were instrumented. Tygon catheters were implanted in the descending
thoracic aorta and left atria of all dogs. A solid-state miniature
pressure transducer (model P22; Konigsberg Instruments) was im-
planted in the apex to measure LV pressure in banded dogs and in
control dogs.

Also, piezoelectric ultrasonic dimension crystals were implanted on
opposing anterior and posterior subendocardial surfaces of the LV to
measure the short-axis internal diameter and on opposing subendo-
cardial and subepicardial surfaces in the same equatorial plane as the
internal diameter crystals to measure wall thickness. Pacing electrodes
were sutured to the left atrial appendage. The thoracotomy incision
was closed in layers, and the animals were allowed to recover for 2—4
wk before study.

Detection of Apoptosis

Tissue samples of LV from rat and dog were fixed by immersion in
10% neutralized buffered formalin and embedded in paraffin. After
5-pwm-thick serial sectioning of heart paraffin block, DNA fragmen-
tation was detected in situ by using the terminal deoxyribonucleotide
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) kit
(Roche) according to the manufacturer’s instructions. Briefly, the
paraffin sections were deparaffinized by immersing in xylene; rehy-
drated through 100, 95, 70, and 0% ethanol; after incubation with
proteinase K (20 pg/ml) (Sigma-Aldrich), the sections were washed in
PBS. DNA fragments in the sections were labeled with 2 nmol/l
biotin-conjugated dUTP and 0.1 U/l TdT for 30 min at 37°C. The
incorporation of biotin-16-dUTP in DNA was determined by incubat-
ing the sections with streptavidin, Alexa Fluor-488 conjugated (1:500;
Invitrogen). To discriminate apoptosis in nonmyocytes and myocytes,
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tissue sections were counterstained with rhodamine-conjugated wheat
germ agglutinin (WGA) (DAPI; Vector Laboratories) described as in
our previous study (13). WGA stains all cell membranes in LV
myocytes. The pattern of WGA staining is seen not only at the outer
membrane but also followed a striated pattern in myocytes (Fig. 2).
Sections were mounted using Vectashield mounting medium contain-
ing 4,6-diamidino-2-phenylindole (Vector Laboratories).
TUNEL-positive cells were counted separately in subendocardium
and subepicardium of the LV from reading of 106 * 3 fields (10.6
mm?) in each area at X60 magnification using an Olympus BX51
Fluorescence Microscope. Total TUNEL-positive cell numbers were
determined by the average from three different sections of each
animal. Nuclei/field were calculated from nuclei counting of 20 fields
from each animal using the same magnification. Apoptotic rate was
expressed as the percentage of TUNEL-positive cells per nuclei.

Immunohistochemical Staining

For characterization of cell types of apoptotic nonmyocytes, 5-pm
serial tissue sections were immunostained with the following antibod-
ies: mouse anti-rat CD68 (1:50 dilution; AbD Serotec) for macro-
phages; mouse monoclonal anti-heat shock protein (HSP) 47 (1:100
dilution; Stressgen) for fibroblasts; and isolectin GS-IB4 from Grif-
fonia simplicifolia, Alexa Fluor-568 conjugated (1:50 dilution; Invit-
rogen) for endothelial cells. Antigen retrieval was performed by
immersing sections in 10 mM citrate buffer (pH 6.0) and boiling under
pressure for 1020 min. The tissue sections were incubated with the
blocking solution (Protein Block Serum-Free; DAKO) for 15 min at
room temperature. Sections were incubated with primary antibody at
4°C for overnight, washed in PBS, and then incubated later with goat
anti-mouse Alexa Fluor-555-conjugated (Invitrogen) secondary anti-
body. Apoptotic nonmyocytes were detected by dual staining with
TUNEL assay.

Statistics

Data reported are means *= SE. Student’s z-tests were used to
compare sham with 4 wk TAC with a significance level of P < 0.05.
Simple regressions were conducted with LV/body weight as the
dependent variable and apoptosis as the independent variable. Wher-
ever subendocardium was being compared with subepicardium, the
paired 7-tests were applied to compare their means at the P < 0.05
significance level.

RESULTS

The extent of LVH and the hemodynamics are shown in
Table 1 (rat) and Table 2 (dog). The LV/aortic pressure gradients
were similar in rats (151 * 7 mmHg) and dogs (143 = 17
mmHg). The amount of LVH, i.e., the LV/body weight, in-

Table 1. Rat physiological parameters

Sham (n = 8) TAC (n = 11)
LV/BW 2+0.1 3+0.1%*
Lung/BW 3+0.1 4+0.1
LV EF, % 73 1.3 78 £ 1.8%
LV FS, % 35+ 1.0 40 = 1.7*
Heart rate, beats/min 290 = 13 299 5.0
LVEDP, mmHg 5+0.9 5+1.0
LV +dP/df, mmHg/s 6,825 = 180 8,273 £ 273*
LV -dP/df, mmHg/s 5,638 = 229 9,045 * 426*
LV systolic wall stress, g/cm? 60 + 3.1 68 + 7.6
LV diastolic wall stress, g/cm? 8+1.5 5+ 1.1*%
LV-aortic pressure gradient, mmHg 151 £ 6.6

Values are means *= SE; n, no. of rats. TAC, transverse aortic constriction;
LV, left ventricle; BW, body weight; EF, ejection fraction; FS, fractional
shortening; LVEDP, LV end-diastolic pressure. *P < 0.05.
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Table 2. Dog physiological parameters

Sham (n = 4) TAC (n = 5)
LV/BW 4+03 7 = 0.6%
LV FS, % 2323 21 =38
Heart rate, beats/min 87 £3.0 91 = 6.0
LVEDP, mmHg 9*12 12 +2.1
LV +dP/df, mmHg/s 3,179 = 151 3,379 = 121
LV -dP/dt, mmHg/s 2,927 = 190 3,978 + 326
LV systolic wall stress, g/cm? 204 =17 249 + 26
LV diastolic wall stress, g/cm? 22+20 17 £ 1.0
LV-aortic pressure gradients, mmHg 143 = 17

Values are means * SE; n, no. of dogs. *P < 0.05.

creased similarly in rats 58% and dogs 70%. LV wall stress
was normalized by LVH, and LV end-diastolic pressure was
not elevated in LVH. Lung/body weight, an index of heart
failure, was not elevated with LVH in rats (Table 1). LV
function did not decline in the dog model and actually in-
creased (P < 0.05) in the rat model. For example, in rats, LV
fractional shortening was elevated in LVH (40 = 1.7%) com-

A Rat
0.25+
0.20+ ¥
3
@ 0.154
0
[e]
-
o
g o.104
<
0.05 4
Fig. 1. A: apoptosis in rat model of transverse aortic
constriction (TAC). This figure compares the apoptosis 0.00+
(%) in left ventricular hypertrophy (LVH) after 4 wk of total

TAC (filled bars) vs. sham-operated rats (open bars) in

NONMYOCYTE APOPTOSIS AND LV HYPERTROPHY

pared with sham (35 £ 1.0%), and both positive and negative
LV dP/dt were significantly increased (Table 1).

In Figs. 1-6, the amount of apoptosis was evaluated for total
apoptotic cells (both myocytes and nonmyocytes combined) as
well as for only myocytes and only nonmyocytes. In Figs. 1-6,
the data are presented for both the subendocardium and the
subepicardium. The amount of apoptosis tended to be greater,
but not significantly, in the subendocardium compared with
subepicardium for total cells and for nonmyocytes. Data were
similar in dogs with LVH. The bar graphs in Fig. 1 show the
apoptosis data from rats (Fig. 1A) and dogs (Fig. 1B). In the rat
model, the percentage of apoptotic cells for nonmyocytes was
five- to sevenfold greater (0.12 £ 0.01, P < 0.05) than for
myocytes (0.02 = 0.00), and this was observed both in the
subendocardium and subepicardium. The detection of apopto-
sis was performed by double staining with TUNEL and WGA
for discriminating apoptotic myocytes and nonmyocytes
(Fig. 2A). The representative photographs of apoptotic myo-
cytes and apoptotic nonmyocytes are shown in Fig. 2, B and C.

To characterize the cell types of TUNEL-positive nonmyo-
cytes, the rat myocardial sections were stained with antibodies

DOsham (n=8)
W4wk TAC (n=11)

p<0.05

nonmyocyte myocyte total nonmyocyte myocyte

the subendocardium (/eff) and subepicardium (right) for
myocytes and for nonmyocytes. Apoptosis increased

significantly more in LVH for both nonmyocytes and B Dog
myocytes subendocardially (leff) and for nonmyocytes 0.25 N
subepicardially (right). B: dog model of TAC. The data —_—
resembled those from the rat model. Apoptosis is com-
pared in 4 wk TAC with sham (*P < 0.05). 0.20
X
~ 0.15
0
(7]
[e]
=
Q.
O 0.10
Q.
<
0.054
0.004

total

Subendocardium

Subepicardium

Osham (n=4)
W 4wk TAC (n=5)
*p<0.05

nonmyocyte myocyte total nonmyocyte myocyte

Subendocardium

Subepicardium
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non-myocyte

Fig. 2. Apoptosis of the myocardium in rat with LVH. A: representative photograph of wheat germ agglutinin (WGA) staining using X60 magnification. The
outlines of myocytes are shown by WGA staining (red), and nuclei are stained with 4,6-diamidino-2-phenylindole (DAPI, blue). B and C: representative
photograph of apoptotic myocyte and apoptotic nonmyocyte by double staining with terminal deoxyribonucleotide transferase-mediated dUTP nick-end labeling
(TUNEL) and WGA. Arrows signify a TUNEL-positive myocyte (green, middle) and TUNEL-positive nonmyocyte (green, right) from a rat with LVH. Scale

bar: 20 pwm.

recognizing macrophages (CD68), endothelial cells (isolectin
GS-IB4), and fibroblasts (HSP47). Representative images of
apoptotic nonmyocytes in LVH are shown in Fig. 3.

The regression relationships between the amount of apopto-
sis and the amount of hypertrophy are shown for total cells
(Fig. 4), nonmyocytes (Fig. 5), and myocytes (Fig. 6). The R*
and P values for the regressions are shown in Figs. 4—6. There

DAPI + NM TUNEL + NM

%

Endothelial Cells Macrophages

Fibroblasts

were significant linear relationships between the amount of
apoptosis and the amount of hypertrophy in the subendocar-
dium for total cells and for nonmyocytes. However, the corre-
sponding relationships were weaker in the subepicardium as
reflected by the R? value and were not significant for myocytes,
most likely because the amount of apoptosis in myocytes was
relatively trivial. There was virtually no relationship between

Merge Image

Fig. 3. Characterization of cell types for apoptotic
nonmyocytes in rat LVH. Representative photo-
graphs of apoptotic nonmyocytes (arrows) by dou-
ble staining with TUNEL and specific antibodies
(CD68 for macrophages, isolectin GS-IB4 for en-
dothelial cells, and HSP47 for fibroblasts) using
X 60 magnification. Left: nonmyocyte with DAPL
Middle: TUNEL-positive nonmyocyte. Right: the
merged image of an apoptotic nonmyocyte.
Green: TUNEL; red: nonmyocytes (NM); blue:
DAPIL Scale bar: 20 pm.
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Fig. 4. Rat model of TAC. The relationship between
apoptosis and the left ventricle (LV)/body wt (BW) is
shown for total cells (A), in subendocardium (B), and in
subepicardium (C). All of these correlations were very
significant (R? and P values for regressions are shown).
In contrast, there was no significant relationship be-
tween the amount of apoptosis and LV ejection fraction
(EF, %) (D), i.e., LV EF (%) did not decline with
increasing amounts of apoptosis with chronic severe
LVH.

the amount of apoptosis and LV function, i.e., LV ejection

fraction for all the groups (Figs. 4—0).

DISCUSSION

The major finding of the present investigation was that
apoptosis in the severe but well-compensated hypertrophied
heart occurs not in myocytes, as previously thought, but rather
predominantly in interstitial nonmyocytes and that it is related

Fig. 5. Rat model of TAC. The relationship between
apoptosis and LV/BW is shown for nonmyocytes (A), in
subendocardium (B), and in subepicardium (C). All of
these correlations were very significant (R? and P values
for regressions are shown). The correlations were stronger
in subendocardium than subepicardium. In contrast, there
was no significant relationship between the amount of
apoptosis and LV EF (%) (D), i.e., LV EF (%) did not
decline with increasing amounts of nonmyocyte apoptosis
in subendocardium with chronic severe LVH.
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before in models of heart failure, particularly those that involve
injury to the heart, e.g., ischemia (8, 12, 15) or with pressure
overload LVH where LV wall stress is increased or LV
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decompensation has occurred (3, 5, 13). However, almost all
studies of apoptosis and LVH have concluded that the apopto-
sis affected myocytes (1, 2, 4, 10, 12, 13, 16). Furthermore,
most of these studies did not document that the LVH was
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compensated and wall stress was normalized. This is an im-
portant point since apoptosis is known to be increased with
myocardial dilatation and in heart failure (1, 5, 9, 14, 15). In
the current investigation, both in the rat and the dog model of
chronic pressure overload induced by thoracic aortic banding,
the pressure gradients from LV to aorta were higher (145-155
mmHg) than most other previous studies, but the hearts were
well compensated, i.e., LV end-diastolic pressure was not
elevated and LV systolic and diastolic wall stresses were
normal. Surprisingly, LV function was enhanced, as reflected
by significantly increased LV fractional shortening in the face
of markedly elevated LV systolic pressure along with increased
LV dP/dz.

LVH and cardiac remodeling contribute to the development
and progression of heart failure. However, the mechanisms that
contribute to the structural changes that underlie progressive
cardiac remodeling are only partially understood. Although it
is generally held that LVH results in enhanced apoptosis of
myocytes and that the loss of these myocytes is an important
mechanism leading to decompensation of the hypertrophied
heart, resulting in heart failure (1, 2, 4, 10, 12, 16), our data do
not support this concept for two reasons. First, the amount of
myocyte apoptosis was relatively trivial such that there would
be an insignificant amount of loss of myocardial mass. Second,
there was no relationship between the amount of apoptosis and
LV function, i.e., LV ejection fraction. If increased apoptosis
was the cause of reduced LV function, then there should have
been at least a trend toward reduced function in those hearts
that showed the most apoptosis. However, this was not ob-
served, indicating, as a minimum, that the amount of apoptosis

Apoptosis (%)

that occurred in this study with severe LVH was not sufficient
to affect cardiac function adversely. Because the overwhelm-
ing majority of apoptotic cells were in nonmyocytes, it is not
surprising that LV function was not compromised by the
apoptosis. These data are also consistent with the results from
a prior study from our laboratory in a monkey model of
myocardial infarction and heart failure (14). Although the
amount of apoptosis increased when heart failure developed in
that study (14), the apoptosis still occurred predominantly in
nonmyocytes.

An elegant study by Wencker et al. (17), using a transgenic
model to induce myocyte apoptosis, found that amounts of
myocyte apoptosis similar to what was observed in the current
study led to LV dysfunction, heart failure, and dilation (17). If
the amount of apoptosis is similar in the two studies, it raises
the questions why did LV function decrease in the transgenic
model? Or conversely, why did LV function improve in the
current model of chronic pressure overload used in the current
investigation? The differences in the two studies are not easily
reconciled. One difference is the use of a physiological inter-
vention, chronic pressure overload in an otherwise normal
animal vs. a transgenic model that may affect other genes and
signaling pathways. In support of the possibility that the
transgenic model is affected by more than apoptosis, it would
be important to know if LV weight was significantly less in the
transgenic model due to a loss of myocytes before heart failure
developed, since the underlying concept is that myocyte apo-
ptosis leads to reduced contractile elements in the heart thereby
compromising LV contraction; however, these data are not
available (17). Conversely, if the LV mass does not decrease
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due to the excessive myocyte apoptosis, then how does the
heart fail? Second, in our study, we demonstrated the impor-
tance of nonmyocyte apoptosis, which conceivably could be
salutary and offset the adverse effects of myocyte apoptosis.
One other consideration that needs to be examined in both
models is whether apoptosis is a physiological, not a patho-
logical, process whereby damaged myocytes are replaced by
myocyte regeneration, which could offset the effects of apo-
ptosis. Taking all these considerations together, we believe our
study challenges the concept that myocyte apoptosis is a major
mechanism leading to heart failure in the setting of chronic
pressure overload LVH. Certainly, in the confines of the
current protocol, there was no evidence that myocyte apopto-
sis, which increased linearly with LVH, had any adverse effect
on LV function. However, more studies will have to be done in
the future to determine the extent to which myocyte apoptosis
is detrimental or the nonmyocyte apoptosis is salutary, partic-
ularly extending the model to LV decompensation.

There were two other findings of the present study that have
not been appreciated previously. The first is that there was a
significant relationship between the amount of apoptosis and
the amount of hypertrophy. Although this might be predicted
from prior studies demonstrating increased apoptosis with
LVH, it has not been shown clearly previously. The second
new finding is that we examined apoptosis in the subendocar-
dium and the subepicardium. It might be predicted that the
apoptosis would be more severe subendocardially, since that
part of the hypertrophied heart is more susceptible to ischemia.
We found that the relationships between the amount of apo-
ptosis and the amount of LVH were stronger in the subendo-
cardium for both myocytes and nonmyocytes, but the amount
of apoptosis was not significantly greater in the subendocar-
dium. A previous study found that there was more apoptosis
subendocardially, when the hypertrophied heart began to fail,
but not in well-compensated LVH (4).

In summary, these data indicate that myocyte apoptosis is
relatively minor in response to pressure overload LVH in the
absence of LV dilation and elevated LV wall stress, but rather
the increased apoptosis predominantly occurs in nonmyocytes
in the myocardial interstitium, which is linearly related to the
amount of LVH. In contrast, there was no significant relation-
ship between the amounts of apoptosis of LV systolic function,
which actually increased in the rat model of severe hypertro-
phy. These results suggest that mechanisms other than apopto-
sis may be more important in mediating the transition to heart
failure in the hypertrophied heart.
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