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Abstract

 

Myocyte cell loss is a prominent and important pathogenic

feature of cardiac ischemia. We have used cultured neona-

tal rat cardiac myocytes exposed to prolonged hypoxia as an

experimental system to identify critical factors involved in

cardiomyocyte death. Exposure of myocytes to hypoxia for

48 h resulted in intranucleosomal cleavage of genomic DNA

characteristic of apoptosis and was accompanied by in-

creased p53 transactivating activity and protein accumula-

tion. Expression of p21/WAF-1/CIP-1, a well-characterized

target of p53 transactivation, also increased in response to

hypoxia. Hypoxia did not cause DNA laddering or cell loss in

cardiac fibroblasts. To determine whether the increase in p53

expression in myocytes was sufficient to induce apoptosis,

normoxic cultures were infected with a replication-defective

adenovirus expressing wild-type human p53 (AdCMV.p53).

Infected cells expressed high intracellular levels of p53 pro-

tein and exhibited the morphological changes and genomic

DNA fragmentation characteristic of apoptosis. In contrast,

no genomic DNA fragmentation was observed in myocytes

infected with the control virus lacking an insert (AdCMV.null)

or in cardiac fibroblasts infected with AdCMV.p53. These

results suggest that the intracellular signaling pathways ac-

tivated by p53 might play a critical role in the regulation of

 

hypoxia-induced apoptosis of cardiomyocytes. (

 

J. Clin. In-

 

vest. 

 

1997. 99:2635–2643.) Key words: p53
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Introduction

 

Myocardial ischemia leads to cardiac cell loss and scar forma-
tion, resulting in reduced pumping capacity which eventually
leads to congestive heart failure and death (1). Cell loss is due
predominantly to the death of cardiomyocytes, and experiments
in various animal models indicate that this loss can occur by both
apoptotic and necrotic mechanisms. For example, in vivo exper-
iments on rabbit heart have reported that the cell death that fol-
lows the reperfusion of ischemic areas is due primarily to apop-
tosis, while that which occurs during prolonged ischemia is due

primarily to necrosis (2). On the other hand, studies in the rat
indicate that cell death from prolonged ischemia can occur by
both apoptotic and necrotic mechanisms (3).

Apoptosis was originally described as a physiological pro-
cess for selective cell removal through programmed self-
destruction. It is characterized by condensation of the cyto-
plasm, loss of plasma membrane microvilli, segmentation of
the nucleus, and extensive degradation of chromosomal DNA

 

into oligomers of 

 

z

 

 180 bp (4). As a physiological mechanism
for selective cell loss, apoptosis plays an important role in em-
bryogenesis and normal tissue turnover (5). However, failure
to regulate apoptosis, has been associated with various degen-
erative, hyperproliferative, and autoimmune diseases (6).

Multiple pathways exist for inducing apoptosis. Although
originally identified as a tumor suppressor gene, the inactiva-
tion of which is a common event in the development of human
neoplasia (7), the product of the p53 gene has been shown re-
cently to play an important role in the regulation of apoptosis
in a number of different cell lines. For example, introduction
of p53 in the myeloid leukemia cell line M1, which has no en-
dogenous p53 expression, induces apoptosis (8), while in other
myeloid cell lines expression of a dominant negative p53 gene
can prevent the apoptosis that results from growth factor with-
drawal (9). The level of p53 expression has also been shown to
increase after treatments which result in increased DNA dam-
age (10). Depending on the cell type, elevated p53 after DNA
damage can result in either growth arrest or apoptosis (11, 12).

One important aspect of ischemia is hypoxia. Recent stud-
ies have shown that hypoxia of cultured neonatal cardiomyo-
cytes causes morphological and biochemical changes charac-
teristic of cell death by apoptosis (13). We show here that
prolonged hypoxia of neonatal cardiomyocytes results in sub-
stantial cell loss by apoptosis and is associated with increased
p53 expression and transactivating ability. Indeed, overexpres-
sion of p53 in normoxic cardiomyocytes is itself sufficient to in-
duce apoptotic cell death, suggesting that p53 or its down-
stream targets play an important role in regulating cell death in
this mostly postmitotic cell population.

 

Methods

 

Cell cultures and treatments. 

 

Hearts from 1–3-d-old Wistar rats were

removed, and the ventricles were separated from attached vessels and

atria and then trisected. Neonatal ventricular myocytes were pre-

pared from digestion of these tissue fragments and cultured as previ-

ously described (14). For statistical purposes, each culture prepara-

tion was defined as an independent experiment. Myocytes were

purified on a discontinuous Percoll gradient and myocyte purity was

 

monitored by staining with antibodies to cardiac 

 

a

 

-actin or cardiac

myosin heavy chains as described previously (14). Myocyte purity av-

eraged 94

 

6

 

4% 48 h after plating. Myocytes were cultured on gelatin-

 

coated tissue culture plates at an initial density of 10

 

5

 

 cells/cm

 

2

 

. Under

these sparse plating conditions, the percentage of cells that con-
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tracted at a rate 

 

.

 

 10 bpm was 4.0

 

6

 

1.1% for both untreated (nor-

moxic) or hypoxic-treated and Ad.CMVp53-infected

 

1

 

 cells.

During the initial 24 h after plating, myocytes were cultured in

media consisting of four parts (by volume) of DME containing 4.5

g/liter glucose and one part medium 199 (Earle’s salts; GIBCO BRL,

Gaithersburg, MD) supplemented with 10% preselected horse se-

rum, 5% heat-inactivated FBS, penicillin (100 U/ml), and streptomy-

cin (100 mg/ml). After that, both the horse and fetal calf serum were

removed and replaced with 1 

 

m

 

mol/liter insulin, 5 

 

m

 

mol/liter transfer-

rin, and 10 nmol/liter selenium. In the initial series of experiments,

cultured myocytes were maintained in high levels of bromodeoxyuri-

dine (10

 

2

 

4

 

 M) to inhibit cell replication of the small percentage of fi-

broblasts that was present. However, neither the presence of bro-

modeoxyuridine nor contaminating fibroblasts affected the results

presented.

Fibroblasts were isolated from the neonatal heart by taking cells

from the 1.050 g/ml band and passaging them three times in culture.

Immunocytostaining with antibodies to cardiac 

 

a

 

-actin or sarcomeric

myosin heavy chains identified no positive cells in such cultures. Car-

diac fibroblasts were cultured in the myocyte media containing 10%

fetal calf serum.

To expose the cells to hypoxia, they were placed in a Plexiglas

chamber and a constant stream of water-saturated 95% N

 

2

 

/5% CO

 

2

 

was maintained over the culture. The partial pressure of oxygen (PO

 

2

 

)

of the culture media under these conditions was measured with an ox-

ygen electrode and a dual channel differential oxygen electrode ampli-

fier (Instech Laboratories, Plymouth, PA). These measurements in-

dicated that the PO

 

2

 

 decreased in an exponential fashion after the

culture dish was placed in the equilibrated chamber and a steady state

PO

 

2

 

 of 

 

,

 

 15 Torr was achieved after 8 h of gas flow.

 

Analysis of DNA fragmentation. 

 

Genomic DNA was isolated

and detected as described previously (15). Myocytes from 4–5 100-

mm dishes were harvested by trypsinization in 0.25% trypsin (GIBCO

BRL)/1 mM EDTA for 5 min at 37

 

8

 

C and collected in a 1.5-ml coni-

cal tube by low-speed centrifugation. The cell pellet was then resus-

pended in 0.5 ml of lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM

EDTA, pH 8.0, 75 mM NaCl, 0.5% SDS, and 0.15 mg/ml proteinase

K) and incubated at 50

 

8

 

C for 3 h. The digestion was then subjected to

centrifugation for 20 min at 14,000 rpm. The supernatant was re-

moved and nucleic acids were precipitated by adding 0.1 vol of 5 M

NaCl and 2.5 vol ice-cold ethanol and incubating at 

 

2

 

20

 

8

 

C for 20 min.

The nucleic acid pellet was then resuspended in 0.5 ml of TE (10 mM

Tris-HCl [pH 8], 1 mM EDTA) containing 0.2 mg/ml RNAse A

(Sigma Chemical Co., St. Louis, MO) for 1 h at 37

 

8

 

C. The digestion

was then extracted with an equal volume of phenol-CHCl

 

3

 

, then

CHCl

 

3

 

 alone, and the nucleic acids in the aqueous phase were precip-

itated with ethanol at 

 

2

 

20

 

8

 

C for 20 min.

TUNEL analysis of cultured myocytes and fibroblasts was per-

formed with a commercially available kit for detecting end-labeled

DNA according to the manufacturer’s instructions (Trevigen, Inc.,

Gaithersburg, MD).

 

Myocyte transfection and the p53 transactivation assay. 

 

Myocyte

cultures were transfected using a modification of the calcium phos-

phate method (16). Cells were plated in 6-well plates (10 cm

 

2

 

) at a

density of 2.5 

 

3

 

 10

 

4

 

 cells/cm

 

2

 

 in serum-containing media containing

10

 

2

 

5

 

 M bromodeoxyuridine (Sigma Chemical Co.) for 12–18 h. Trans-

fection was performed in serum-containing media with the calcium

phosphate-DNA precipitate left in contact with the cells overnight. The

cells were then rinsed with serum-free media and hypoxic or nor-

moxic conditions were introduced in a serum-free environment. A

total of 4 

 

m

 

g/well (1 ml media) DNA was transfected, with 2 

 

m

 

g of re-

porter construct and 0.05 

 

m

 

g pRSV-

 

b

 

gal (used to control for dif-

ference in transfection efficiency). Where needed to maintain a con-

stant total amount of transfected DNA, filler DNA consisted of the

pGL2-basic plasmid (Promega Corp., Madison, WI). p53 transacti-

vating ability was assessed from the activity of the transfected re-

porter, PG13-luc, which carries the luciferase reporter gene driven by

the minimal polyoma promoter and 13 copies of the wild-type p53-

binding site. For controls, cells were transfected with MG15-luc, a lu-

ciferase reporter plasmid driven by the minimal polyoma promoter

and 15 copies of a mutated p53-binding site (17), or with PG13-luc

and pSVKH215 (18), the latter being an expression vector for a mu-

tant p53 that acts as a dominant negative for sequence-specific trans-

activation by p53.

 

RNA isolation and analysis. 

 

Total RNA was isolated from cul-

tured myocytes using the guanidinium isothiocyanate method (19).

The RNA was prepared for gel electrophoresis by denaturation in

formamide and formaldehyde as described previously (14) and equal

amounts (10 

 

m

 

g/lane) were size-fractionated by electrophoresis through

1% agarose gels containing 3% formaldehyde. The fractionated RNA

was electrophoretically transferred to nylon membranes, cross-linked

by ultraviolet irradiation (120 mJ), and then hybridized at 63.5

 

8

 

C with

 

32

 

P-radiolabeled oligonucleotides or cDNA probes as described (20).

The probe for p21/WAF1/CIP1 was a cDNA for the mouse gene and ra-

diolabeled using the random priming method (21). The probe for 18S

rRNA was a synthetic oligonucleotide. Its sequence and method for

radiolabeling has been described previously (22).

 

Adenoviruses and adenoviral infection of neonatal cardiomyo-

cytes. 

 

AdCMV.p53 was generously provided by Dr. Bert Vogelstein

(Johns Hopkins Oncology Center, Baltimore, MD). It is a replica-

tion-defective adenovirus containing the cDNA for human wild-type

p53 driven by the cytomegalovirus promoter (17). The virus was am-

plified in 293 cells (American Type Culture Collection, Rockville, MD)

using standard procedures (23). AdCMV.NLS

 

b

 

gal and AdCMV.null

are replication-deficient adenoviruses encoding bacterial 

 

b

 

-galactosi-

dase (AdCMV.NLS

 

b

 

gal) or containing an empty expression cassette

(AdCMV.null), respectively.

Adenoviral infection of cultured neonatal cardiomyocytes was per-

formed 48 h after isolation from the animal and initial plating in gela-

tin-coated tissue culture dishes using a modification of a previously

published procedure (24). Infection was performed in a small amount

of serum-free media (1 ml/35-mm plate) at an moi of 10 for 1.5 h. Ad-

ditional serum-free media were added (1.5 ml/35-mm plate) and incu-

bation continued for 48 h. The efficiency of expression in myocytes

was assessed by infection with AdCMV.NLS

 

b

 

gal. A range of 10–100

moi resulted in 

 

.

 

 95% infection after 48 h; beyond 100 moi, there was

observable cell loss due to necrosis.

 

Immunoblotting and immunocytochemistry. 

 

For each time point

or manipulation, protein extracts were prepared from two 100-mm

plates for Western blotting. Cells were lysed at 4

 

8

 

C in modified RIPA

buffer consisting of 150 mM NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM

EDTA, 1% Triton X-100, 1% deoxycholic acid, 1 mM PMSF, and 10

 

m

 

g/ml each of leupeptin and aprotinin. Equal amounts of protein (20–

30 

 

m

 

g) were size-fractionated by electrophoresis on 10% polyacryl-

amide SDS gels and electrotransferred to polyvinylidene fluoride mem-

branes using a semi-dry transfer system (Bio-Rad Labs, Richmond,

CA). The membrane was blocked with 10% nonfat dry milk in PBS

for 2 h at room temperature or overnight at 4

 

8

 

C and then incubated at

4

 

8

 

C overnight with monoclonal antibodies to p53 (Pab 421 to detect

rat p53 in hypoxia-treated cells or DO-1 to specifically detect human

p53 protein in AdCMV.p53 infected cells) (Calbiochem Corp., San

Diego, CA). Antigen–antibody complexes were visualized by chemi-

luminescence (Amersham Corp., Arlington, IL) after incubating the

 

1. 

 

Abbreviations used in this paper:

 

 AdCMV.NLS

 

b

 

gal, recombinant

replication of defective adenovirus in which a recombinant bacterial

 

b

 

-galactosidase gene containing an eukaryotic nuclear translocation

signal (NLS) is under the transcriptional control of the cytomegalovi-

rus long terminal repeat; AdCMV.null, recombinant replication defec-

tive adenovirus containing no gene in its cloning cassette; AdCMV.p53,

recombinant replication defective adenovirus in which the human

wild-type p53 is under the transcriptional control of the cytomegalo-

virus long terminal repeat; p21/WAF-1/CIP-1, p21/wild-type p53 acti-

vated fragment 1/cyclin kinase inhibitor protein-1; SST, sequence-

specific transactivation.
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membrane for 4 h at room temperature with anti–mouse IgG conju-

gated to horseradish peroxidase. The relative intensities of the lumi-

nescent signals captured on x-ray film were quantified by densitome-

try (Personal densitometer; Molecular Dynamics, Sunnyvale, CA).

For the cellular colocalization of p53 protein and end-labeled DNA,

myocytes were plated on Permanox plastic chamber slides (Lab-tek,

Naperville, IL) and fixed for 20 min at room temperature with 3.7%

paraformaldehyde in PBS, after treatment or infection. The slides

were then processed for TUNEL staining (Trevigen, Inc.) by incubat-

ing in TDT buffer (140 mM sodium cacodylate, 1 mM CoCl, and 30 mM

Tris-HCl, pH 7.2) for 5 min. Terminal transferase and biotin-16-dUTP

were then added (550 U/ml and 10 

 

m

 

g/ml, respectively) and the slides

were incubated at 37

 

8

 

C for 1 h. The reaction was stopped by rinsing

the slides in 300 mM NaCl containing 30 mM sodium citrate. Slides

were then washed two times with distilled water and rinsed in PBS.

Nonspecific binding was blocked by incubating in 2% BSA in PBS for

20 min. The slides were then incubated with a monoclonal antibody

to human p53 (DO-1; Santa Cruz Biotechnology, Santa Cruz, CA) for

2 h at room temperature and then with anti–mouse IgG conjugated to

Texas red (to detect p53) and with avidin conjugated to fluorescein

(to detect end-labeled DNA). Slides were imaged on a confocal mi-

croscope (LSM 410; Carl Zeiss, Inc., Thornwood, NY).

 

Results

 

Cultured neonatal rat cardiac myocytes exposed to hypoxia
for 48 h exhibited an intranucleosomal DNA cleavage charac-
teristic of apoptosis, while normoxic time-matched controls
showed no genomic DNA degradation or fragmentation (Fig.
1). This result is similar to that previously shown by Tanaka
and colleagues (13). Increased end-labeling of DNA in indi-
vidual hypoxia-treated myocytes as detected by the TUNEL
method is shown in Fig. 2 

 

B

 

 and the time course of the changes

in end-labeling in normoxic and hypoxic myocytes is shown in
Fig. 2 

 

C.

 

 Significant increases in the number of end-labeled
(apoptotic) cells occurred 12–24 h after hypoxia and rose to
include 

 

.

 

 60% of the remaining cells in the culture at 48 h
after placement in the hypoxia chamber. Myocytes maintained
under normoxic conditions for 48 h showed minimal (11.3

 

6

 

1.5%) nuclear end-labeling. The results demonstrate that hy-
poxia markedly accelerates cardiomyocyte apoptosis.

Under the same hypoxic conditions, the activity of a trans-
fected p53-dependent luciferase reporter plasmid, PG13-luc,
containing a minimal polyoma promoter driven by 13 wild-
type p53 DNA binding sites, increased 

 

z

 

 3.5-fold over the
basal level of expression in normoxic myocytes (Fig. 3). This
increase in reporter expression represented increased p53 se-
quence-specific transactivation (SST), as demonstrated by the
fact that there was no change with hypoxia in luciferase activ-
ity in a reporter gene containing the minimal polyoma pro-
moter driven by 15 mutated p53-DNA binding sites (MG-15-luc)
and that cotransfection of an expression vector for a mutant
p53 protein (pSVKH215), which acts as a dominant negative
inhibitor for SST, suppressed reporter activity (Fig. 3). An-
other indicator of increased p53 SST in the hypoxia-treated
myocytes was the elevation in p21/WAF-1/cip-1 mRNA levels,

Figure 1. Chronic exposure to 

hypoxia results in fragmenta-

tion of cardiomyocyte DNA. 

DNA isolated from cultures 

of neonatal cardiac myocytes 

exposed to normoxic 

(NORMOXIA) or hypoxic 

(HYPOXIA) conditions for 

48 or 72 h. Electrophoresis of 

genomic DNA reveals a frag-

mentation pattern characteris-

tic of apoptosis only in DNA 

isolated from hypoxia-treated 

cultures. Two independent re-

sults characteristic of a total of 

five independent experiments.

Figure 2. Chronic expo-

sure to hypoxia results 

in increased end-label-

ing of DNA. (A and B) 

Photomicrographs of 

control (normoxia) (A) 

and hypoxia-treated (B) 

cardiomyocytes stained 

for end-labeled DNA 

by the TUNEL tech-

nique using horseradish 

peroxidase and diami-

nobenzidine for detec-

tion. Nuclei are indicated 

by the arrowheads. 

Brown nuclei contain 

elevated end-labeled 

DNA. (C) Quantitative 

analysis of percent cells 

undergoing apoptosis 

as measured by the 

TUNEL technique. 

Data were collected at 

0, 12, 24, and 48 h after 

exposure to hypoxia 

(j). Normoxia (h) time 

points were collected in 

parallel cultures main-

tained under atmo-

spheric oxygen levels. 

Data represent the av-

erage from at least four 

independent experi-

ments.
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a well-characterized target of p53 SST (17) (Fig. 4). This in-
crease in p21/WAF-1/cip-1 mRNA levels was observed as
early as 12 h after imposition of hypoxia and persisted for up to
48 h.

To determine if the increase in p53 SST with hypoxia was
due to increased steady state levels of p53 protein in the cells,
Western blotting of total cellular extracts was performed. As
shown in Fig. 5, 

 

A

 

 and 

 

B

 

, increased p53 protein levels could be
detected as early as 6 h after transfer to the hypoxia chamber.
Expression remained elevated in the hypoxia treated cultures

for 18–24 h but returned to baseline by 48 h. Together with the
transfection data on increased SST, these results demonstrate
that exposure of cultured neonatal cardiomyocytes to hypoxia
increases the expression of functionally active p53.

To examine the significance of increased p53 activity in re-
sponse to hypoxia, we determined whether overexpression of
p53 is sufficient to induce apoptosis in normoxic cardiomyo-
cytes. Myocytes were infected with a replication-defective
adenovirus encoding human wild-type p53 under the transcrip-
tional control of the cytomegalovirus promoter (AdCMV.p53).
For control, the myocytes were also infected with a replica-
tion-defective adenovirus containing an empty expression cas-
sette (AdCMV.null). Infection efficiency was determined by

 

b

 

-galactosidase staining after infection with AdCMV.NLS

 

b

 

gal

Figure 3. Hypoxia increases p53-mediated transactivation in cultured 

neonatal cardiac myocytes. Myocytes were transfected with pGL2-0 

(basic) alone (A and C), pPG13-luc (B and D), pMG15-luc (E), or 

pSVKH215 plus pPG13-luc (F). All cultures were cotransfected with 

pRSV-bgal to normalize variations in transfection efficiencies be-

tween experiments. Cultures were harvested 48 h after exposure to 

normoxic (A and B) or hypoxic (C–F) conditions and analyzed for lu-

ciferase and b-galactosidase activity. Values reported are the mean 

for at least three independent experiments and are expressed as lu-

ciferase activity normalized to b-galactosidase activity.

Figure 4. Hypoxia activates expression of p21/WAF1/cip-1 mRNA 

expression in cultured neonatal cardiomyocytes exposed to hypoxia. 

Representative Northern blot of p21/WAF1/cip-1 mRNA and 18S 

rRNA expression in hypoxic and normoxic neonatal cardiomyocyte 

cell cultures. 10 mg of total RNA was loaded in each lane. When nor-

malized to 18S rRNA, the increase in p21/WAF1/cip1 mRNA accu-

mulation was five- to sixfold. Results are representative of three inde-

pendent experiments.

Figure 5. Expression of p53 protein in normoxic and hypoxic cardiomyocyte cultures. (A) Representative Western blot of total cellular protein 

extracts analyzed for expression of p53 using a pantropic antibody to p3 (Ab421). Extracts from REF112 cells grown at the permissive (318C) 

and restrictive (378C) temperature for expression of a stably transfected mutant p53 were used as controls for the reaction. (B) Quantitative 

analysis of relative p53 protein levels in myocytes under normoxia (h) and hypoxia (j) as a function of time. The data for each time point rep-

resent at least three independent determinations.
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at a multiplicity of infection (virus particles/cells) of 10 and was
observed to be 

 

.

 

 95% at 48 h. Successful infection of the cul-
tures with AdCMV.p53 and the subsequent accumulation of
human wild-type p53 protein in rat cardiomyocytes was veri-
fied by Western blotting using a human p53-specific antibody
(Fig. 6). Significant DNA fragmentation was observed at 48 h
after infection in cardiomyocytes infected with AdCMV.p53,
but not in control cells infected with AdCMV.null (Fig. 7 

 

A

 

).
At 48 h after infection, 86.4% of the cells were TUNEL pos-
itive, while only 4.3% of untreated myocytes or 4.9% of Ad-
CMV.null-infected myocytes were TUNEL positive (Fig. 7 

 

B

 

).
No DNA laddering was observed in cardiac fibroblasts in re-
sponse to either hypoxia or infection with AdCMV.p53 (Fig.
8). In addition, AdCMV.p53 cardiomyocytes showed signifi-
cant cell shrinkage or rounding and detachment from the tis-
sue culture surface at 48 h after infection (Fig. 9, 

 

E

 

 and 

 

F

 

),

while uninfected or AdCMV.null-infected myocytes did not
(Fig. 9, 

 

A–D

 

, respectively). Fig. 10 shows a representative con-
focal image of the staining for human p53 protein and end-
labeled DNA in AdCMV.p53 (

 

A

 

 and 

 

B

 

) and AdCMV.null in-
fected cells (

 

C

 

 and 

 

D

 

). Staining for human p53 was detected
with a human-specific antibody and a secondary antibody con-
jugated to Texas red, while end-labeled DNA was detected
with a secondary reagent that was conjugated to fluorescein.
Consequently, human p53 is indicated by red staining, while
end-labeled DNA is green. Yellow staining is the computer-
assigned designation for the colocalization of both red and
green. These results show that 

 

.

 

 90% of the cells exhibiting
end-labeled DNA in the AdCMV.p53-infected cultures also
express human p53 protein (Fig. 10, 

 

A

 

 and 

 

B

 

), while very few
AdCMV.null-infected cells (equivalent to that shown in Fig.
7 

 

B

 

) showed increased DNA end-labeling (Fig. 10, 

 

C

 

 and 

 

D

 

).

Figure 6. Expression of human p53 protein 

in cardiomyocytes after infection with

the replication-defective adenovirus,

AdCMV.p53. Protein extracts from unin-

fected cultures (lanes 1–3), AdCM.null-

infected (lanes 4–6), and AdCMV.p53-

infected (lanes 7–9) cultures were analyzed 

by Western blotting for expression of hu-

man p53 protein. The three different lanes 

represent extracts from three different ex-

periments.

Figure 7. AdCMV.p53 infection induces DNA 

fragmentation in normoxic cardiomyocytes. (A) 

DNA fragmentation assay. Genomic DNA was 

isolated from uninfected (lane 1), AdCMV.null-

infected (lane 2), and AdCMV.p53-infected (lane 

3) normoxic cardiomyocyte cell cultures 48 h af-

ter infection and analyzed (10 mg/lane) by gel 

electrophoresis followed by staining with ethid-

ium bromide. Results are representative of at 

least three independent experiments. (B) Quanti-

fication of results of TUNEL assay performed 48 h 

after infection. The data for each condition repre-

sent the average of at least four different infec-

tions.



2640 Long et al.

Discussion

Previous studies by Tanaka and colleagues (13) have demon-
strated that exposure of cultured neonatal cardiomyocytes to
hypoxia induces apoptotic cell death. Our results show that
these cells, which even at this early stage after birth are quies-
cent and postmitotic, exhibit increased p53 protein levels and
SST compared to normoxic controls. Increased p53 SST was
evident from the increased expression of a reporter gene
driven by p53-specific DNA-binding (Fig. 3), by increased p53
protein expression (Fig. 5), and by increased expression of p21/
WAF-1/cip-1 (Fig. 4), a well-characterized target of p53 trans-
activation. That such increases in p53 activity are of potential
significance is shown by the fact that overexpression of wild-
type p53 by adenovirus-mediated gene transfer is sufficient to
induce apoptosis in normoxic myocytes (Fig. 7). On the other
hand, fibroblasts isolated from the neonatal myocardium and
maintained in cell cultures showed no signs of apoptosis after
exposure either to hypoxia or the adenovirus encoding wild-
type p53 (Fig. 8). Taken together, these findings strongly sug-
gest that p53 plays a critical role in hypoxia-induced apoptosis
of cardiac myocytes.

Although small numbers of fibroblasts are present in every
culture of neonatal myocytes, the apoptosis that results from
either AdCMV.p53-infection or hypoxia is mostly, if not to-
tally, confined to myocytes. This is evident from the facts that
the cellular composition of these cultures is . 90% myocytes
(see Methods for techniques used to achieve this level of purity
and the assays used to monitor purity) and that . 80% of the
cells show treatment-specific increases in DNA end-labeling
(Figs. 2 C and 7 B). While some cellular death by apoptosis
may be occurring in the , 10% of the cultured cells which are
designated as nonmyocytes or fibroblasts, it is important to
note that these cells when cultured on their own do not un-
dergo apoptosis in response to either hypoxia (13) (Fig. 8) or
overexpression of p53 (Fig. 8). It is also possible that some of

the cell loss that accompanies hypoxia or p53-overexpression is
due to necrosis and not apoptosis.

Studies on the role of p53 in the regulation of programmed
cell death have been almost exclusively confined to actively
proliferating cells. Depending on the cell type, the increase in
p53 protein levels or transactivating ability which occurs in re-
sponse to DNA damage can result in either growth arrest or
apoptosis. Thus, proliferating skin fibroblasts from p53 ho-
mozygous and heterozygous mice undergo growth arrest in re-
sponse to DNA damage, while differentiated thymocytes un-
dergo apoptosis. However, when isolated from p53 nullizygous
mice these same cell types do not undergo either growth arrest
or apoptosis in response to DNA damage (11, 12, 25). These
studies have led to the concept of p53 as guardian of the ge-
nome (26), its activation leading to either the cessation of DNA
replication (growth arrest) long enough to repair genomic
DNA or to the death of the cell in order to prevent damage-
induced mutations from being incorporated into the genome.
The differences in the response of different cells to DNA dam-
aging agents may, in fact, reflect their ability to repair such
damage. Thus, the effect of activating p53 in cells which are
not capable of extensive proliferation, such as the cardiomyo-
cytes used in this study, is unclear. We have observed that acti-
vation of p53 in cardiomyocytes is associated with cell death by
apoptosis. The persistence of the p53 response in quiescent
cells such as cardiomyocytes may be a remnant of the guardian
response or, alternatively, may indicate that p53 has additional
roles in the regulation of cell fate aside from ensuring that mu-
tations associated with DNA damaging agents are not trans-
mitted to daughter cells.

Although there are an estimated 200–300 p53 binding sites
in the human genome (27), few targets of p53 SST have been
identified. p21/WAF-1/cip-1 is one of the best-characterized
targets of p53. It inhibits the function of cyclin-dependent
complexes and prevents cell cycle progression (17, 28). What
role p21/WAF1/CIP1 plays in cells that are already blocked in
cell cycle progression is unclear, but recent studies suggest that
it is not involved in the control of apoptosis (29) and may, un-
der some circumstances, block cell death when overexpressed
(30). Indeed, recent studies indicate that the SST of genes, such
as p21/WAF1/cip-1, by p53 may be more closely linked with
the growth-inhibitory rather than the apoptotic-inducing ef-
fects of p53 (31). Thus, in some cell types, transactivation-
deficient mutants of p53 can still induce apoptosis, although
the rate at which this occurs is much slower than with wild-type
p53. On the other hand, overexpression of other genes which
are transactivated by p53, such as bax (32), can induce apopto-
sis in some cell types. How a cell responds to the increased ex-
pression of p53 and whether that response results in apoptosis
seems to be cell type dependent and dictated by currently un-
defined events.

Aside from acute ischemia, cardiac myocyte loss also oc-
curs during aging and during the development of heart failure
(33–37). Papillary muscles from aged spontaneously hyper-
tensive rats (SHR) which show evidence of heart failure are
characterized by a reduction in myocyte fractional area and a
corresponding increase in the fractional area occupied by ex-
tracellular matrix, as compared to those from aged-matched
nonfailing myocardium (38). Apoptotic nuclei have been de-
tected recently in the failing hearts of aged SHR (39), and ac-
tive p53 has been detected in the infarcted regions of dogs with
chronic heart failure, while only p53 in its inactive confor-

Figure 8. Exposure to 

hypoxia or infection 

with AdCMV.p53 does 

not induce DNA frag-

mentation in cardiac

fibroblasts. Genomic 

DNA isolated from

untreated fibroblasts 

(lane 1), fibroblasts ex-

posed to 48 h of hypoxia 

(lane 2), and fibro-

blasts infected with 

AdCMV.p53 for 48 h.
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Figure 9. Morphological changes induced by AdCMV.p53 infection. Low and high power phase-contrast photomicrographs of uninfected (A 

and B), AdCMV.null-infected (C and D), and AdCMV.p53-infected (E and F) cells 48 h after infection.
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mation could be detected outside this region (40). Since the
functional aspects of the failing myocardium may be impaired
in proportion to the reduction in myocyte fractional area
(37), it is possible that apoptosis plays a major role in the dete-
rioration of pump function and that activation of p53 may be
important to the signaling mechanism responsible for pro-
grammed cell death.

Hypoxia-treated cultured neonatal cardiomyocytes are a
useful experimental system to define the intracellular path-
ways responsible for apoptosis in response to physiological
stress, particularly with respect to the role of p53. It remains to
be determined if p53 is necessary for hypoxia-induced myocyte
apoptosis and whether p53 SST or other aspects of p53’s ef-
fects on gene regulation are involved in the apoptotic response
of cardiomyocytes. One approach will be to determine if the
response to ischemia is altered in hearts from p53 knockout
mice or if levels of ischemia-induced apoptosis are reduced in
these animals (41). It will also be of interest to determine if
other stimuli for apoptosis of cardiomyocytes also evoke in-
creased p53 or p21 expression and whether overexpression of
p21 can block or stimulate apoptosis.
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