Hypoxia-activated apoptosis of cardiac myocytes requires
reoxygenation or a pH shift and is independent of p53
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Ischemia and reperfusion activate cardiac myocyte apoptosis, which may be an important feature
in the progression of ischemic heart disease. The relative contributions of ischemia and reperfusion
to apoptotic signal transduction have not been established. We report here that severe chronic
hypoxia alone does not cause apoptosis of cardiac myocytes in culture. When rapidly contracting
cardiac myocytes were exposed to chronic hypoxia, apoptosis occurred only when there was a
decrease in extracellular pH ([pH],). Apoptosis did not occur when [pH], was neutralized. Addition
of acidic medium from hypoxic cultures or exogenous lactic acid stimulated apoptosis in aerobic
myocytes. Hypoxia-acidosis-mediated cell death was independent of p53: equivalent apoptosis
occurred in cardiac myocytes isolated from wild-type and p53 knockout mice, and hypoxia caused
no detectable change in p53 abundance or p53-dependent transcription. Reoxygenation of hypox-
ic cardiac myocytes induced apoptosis in 25-30% of the cells and was also independent of p53 by the
same criteria. Finally, equivalent levels of apoptosis, as demonstrated by DNA fragmentation, were
induced by ischemia-reperfusion, but not by ischemia alone, of Langendorff-perfused hearts from
wild-type and p53 knockout mice. We conclude that acidosis, reoxygenation, and reperfusion, but
not hypoxia (or ischemia) alone, are strong stimuli for programmed cell death that is substantially

independent of p53.

J. Clin. Invest. 104:239-252 (1999).

Introduction

Cardiac myocyte cell death by apoptosis accompanies
heart disease of both ischemic and nonischemic origin
(reviewed in refs. 1-3). It has been demonstrated in the
myocardium from failing human hearts (4-7), in patients
with arrhythmogenic right ventricular dysplasia (8), and
in association with myocardial infarction, both within
the infarcted area itself and in the surrounding viable tis-
sue (5, 9-12). In animal models, increased apoptosis
accompanies pacing-induced dilated cardiomyopathy
(13, 14), pressure-overload hypertrophy (15, 16), hyper-
tension (17), hibernating myocardium (18), and both
phases of ischemia and reperfusion (3). The precise initi-
ating stimuli, signaling pathways, and mechanisms of
apoptosis are not understood.

A number of factors may contribute to ischemia-
mediated cell death (19-21). Hypoxia causes inhibition
of oxidative phosphorylation and a switch to glycolyt-
ic metabolism, resulting in decreased levels of high-
energy phosphates, increased lactic acid production,
and lower intracellular pH ([pH];) (22-24). If ATP is
rapidly depleted, necrosis will occur because of passive
loss of transmembrane ion gradients, followed by cell

swelling and loss of membrane integrity (19-21, 25).
Unlike necrosis, apoptosis is an active, energy-consum-
ing process that must be executed in the presence of
sufficient cellular ATP (26), and one in which mem-
brane integrity is preserved until very late stages. It is
widely accepted that apoptosis accounts for some of
the cell death observed after myocardial infarction,
although the relative contributions of necrosis and
apoptosis are unclear (27, 28). Initiating signals for
apoptosis of ischemic heart cells may be related to cel-
lular energy levels, osmotic/ionic changes, altered gene
expression, altered Ca?* handling, oxidative stress, and
accumulation of waste metabolites that are normally
cleared from the interstitial space.

Recently, it has been suggested that proton pumps
and pH regulation may play a role in apoptosis signal-
ing (29-32). Ischemic cardiac myocytes generate excess
H* through increased anaerobic metabolism, net
hydrolysis of ATP, and CO, retention (33). These pro-
tons are extruded from the myoplasm to the interstitial
space by the combined action of 3 major ion-specific
membrane transporters, including the Na*/H*
exchanger, the Na*/HCOj3" cotransporter, and the vac-
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uolar proton ATPase (30, 34, 35). Increased activity of
the Na*/H* exchanger can cause Ca?* overload because
the elevated intracellular Na* is subsequently
exchanged for Ca?* via the Na*/Ca?* exchanger (36).
Inhibition of Na*/H* exchange has been shown to pro-
tect against ischemic injury, possibly by preventing this
increase in Ca?* (37, 38). Conversely, inhibition of the
vacuolar ATPase promotes apoptosis, in part by shift-
ing the proton load toward the Na*/H* transporter and
thus increasing Ca?* uptake, and in part by reducing
the myocyte capacity to control [pH]; (29-31). Acidosis
has been shown to correlate with apoptosis in a num-
ber of other systems (39-41), but its role, if any, in
ischemic cardiac myocyte apoptosis is not understood.

There are a number of important and controversial
questions about the mechanism of cardiac myocyte
apoptosis during ischemia (32). One concerns the initi-
ating signals for cell death. Is hypoxia alone sufficient
to induce apoptosis, or does it require a combination of
hypoxia and acidosis or accumulation of other extra-
cellular waste metabolites? Another question relates to
the role of p53. Increased activity of p53 protein has
been reported to accompany apoptosis in response to
volume overload and mechanical stretch (42). In these
models, increased levels of angiotensin II induced
expression of pS3, promoting changes in the balance
between Bcl-2 and Bax in favor of apoptosis (14, 42).
Hypoxia has been shown to induce p53 in transformed
cells (43) and both p53 and Fas in cardiac myocytes (44,
45). p53 mRNA transcript levels can also be induced in
cardiac myocytes by inhibition of vacuolar ATPase with
bafilomycin A (31). However, these studies did not
establish a direct cause-and-effect relationship between
enhanced p53 expression and hypoxia-mediated apop-
tosis of cardiac myocytes. Ischemia has been shown to
induce apoptosis equally well in wild-type and p53-defi-
cient mice (46).

The goal of the present study was to evaluate the sep-
arate effects of hypoxia, pH, and reoxygenation on
apoptosis in actively contracting cardiac myocytes. We
provide evidence that severe chronic hypoxia is not suf-
ficient to cause apoptosis; however, hypoxia associat-
ed with acidosis or reoxygenation caused extensive
apoptosis that was independent of changes in the
activity of p53. The results with isolated myocytes in
vitro were reproduced in an adult mouse model of
ischemia and reperfusion.

Methods

Reagents. Antibodies to p53, p21, Bax, Bcl-2, and actin
were from Santa Cruz Biotechnology Inc. (Santa Cruz,
California, USA), and anti-Bak was from LXR Biotech-
nology (Richmond, California, USA). Anti-sarcomeric
myosin antibody (MF-20) was obtained from the Devel-
opmental Studies Hybridoma Bank at the University of
Iowa (Ames, Jowa USA). HOECHST 33342 and propidium
iodide (PI) dyes were purchased from Calbiochem-Nov-
abiochem Corp. (San Diego, California, USA). Ad-pS53
and AdDN-p53 were obtained from F. Graham (Micro-

bix Inc., Ontario, Ontario, Canada). Plasmids p21-Luc
and p21-M-Luc, containing the wild-type and deleted
p21 promoters, respectively, were provided by W. El-
Deiry (Howard Hughes Medical Institute, Philadelphia,
Pennsylvania, USA). Other plasmids have been described
previously (47). All other reagents were purchased from
Sigma Chemical Co. (St. Louis, Missouri, USA).

Cell culture. All procedures involving animals were per-
formed in accordance with University of Miami and SRI
International guidelines for the care and use of animals.
Methods for primary culture of neonatal rat cardiac
myocytes have been described previously (48, 49). In
brief, enriched cultures of myocyte and nonmyocyte
cells were obtained from 1- to 2-day-old rats by stepwise
trypsin dissociation, and were plated at a density of 4 x
106 cells/60-mm dish or on 2-well glass dishes (Nalge
Nunc International, Naperville, Illinois, USA) at a den-
sity of 4 x 10° cells/cm?, in MEM supplemented with 5%
FCS, penicillin, and streptomycin (MEM + 5% FCS).
After 3-5 days, cells were rinsed 3 times in MEM and
transferred to a defined serum-free DMEM/M-199 (4:1)
medium supplemented with transferrin, vitamin By,
and insulin. The final cultures contained more than
95% cardiac myocytes, contracting at greater than 200
beats per minute (bpm). Bromodeoxyuridine (BrdU; 0.1
mM) was included in the medium for the first 3 days
after plating to inhibit fibroblast growth. In some exper-
iments, nonmyocytes from the same cultures ([D5%
fibroblasts, with small percentages of smooth muscle
and endothelial cells) were used. These cells were used
at passages 2 or 3, maintained in MEM + 5% serum as
described previously (49), and transferred to serum-free
DMEM/M-199 (4:1) before experiments.

Hypoxia and reoxygenation. Cultures were placed in
serum-free DMEM/M-199 (4:1) containing 3.8 g/L glu-
cose and transferrin, insulin, and vitamin Bi,, 24 hours
before exposure to hypoxia. Details of our methods for
exposing cells to hypoxia by incubation in an environ-
mental chamber have been described previously
(48-50). Oxygen inside the chamber was continuously
monitored with an oxygen electrode (Controls
Katharobic, Philadelphia, Pennsylvania, USA), and con-
tractility was monitored by edge detection as described
previously (48, 49). The chamber oxygen concentration
was maintained at greater than 10 mmHg. For replace-
ment of the culture medium under hypoxia, fresh
medium was incubated under hypoxia at room tem-
perature for 24 hours; the medium was brought to
37°C; and the pO, was measured before adding to the
dishes. Cultures exposed only to hypoxia (without
reoxygenation) were lysed under hypoxia using ice-cold
deoxygenated buffers. For reoxygenation, plates were
removed from the chamber and reoxygenated by
replacing the medium with oxygenated medium and
incubating under 21% O, (air/5% CO;). Cells were har-
vested and lysed for apoptosis, Western blots, or bio-
chemical assays as described later here.

Quantitative analysis of apoptotic nuclei. Cells were exam-
ined for morphological evidence of apoptosis or necro-
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sis after staining with the fluorescent DNA-binding
dyes HOECHST 33342 and PI as described previously
(51). Treated and control cell monolayers grown on
uncoated Nunc 2-well coverslip dishes were rinsed with
PBS, stained with 5 Pg/mL HOECHST 33342 and §
Hg/mL PI for 15 minutes, and viewed x400 on a Zeiss
IM fluorescence microscope (Carl Zeiss Inc., Thorn-
wood, New York, USA). Cells were scored as apoptotic
if they exhibited unequivocal nuclear chromatin con-
densation and/or fragmentation; PI-stained cells with
normal nuclear morphology were scored as necrotic. At
the later time points (72 hours of hypoxia-acidosis),
cells with condensed nuclei that costained with PI were
also scored as apoptotic. In some experiments, apop-
totic nuclei were localized within cardiac myocytes by
staining with an mAb against sarcomeric myosin (MF-
20). Cells were fixed in ice-cold methanol, rinsed, and
stained with the anti-myosin antibody and HOECHST
33342, followed by an FITC-tagged anti-mouse IgG
secondary antibody. Cells were imaged and pho-
tographed on a Zeiss IM inverted-phase fluorescence
microscope using a mounted Contax 35-mm cam-
era(Yashica, Tokyo, Japan) and ASA 400 Kodak color
transparency film(Eastman Kodak Co., Rochester, New
York, USA). To quantitate apoptosis, an average of 400
nuclei from random fields were analyzed, and apop-
totic cell counts were expressed as a percentage of the
total number of nuclei counted.

Analysis of DNA fragmentation. Cells were lysed for 5
hours at 37°C in a buffer containing 100 mM NaCl, 10
mM Tris-Cl (pH 8.0), 5 mM EDTA, 0.5% SDS, and 1
Mg/mL proteinase K; proteins were precipitated with
0.8 M NaCl; and DNA was extracted with phenol/chlo-
roform and precipitated with an equal volume of iso-
propanol. The resulting washed pellet was resuspend-
ed in Tris-EDTA buffer and treated with 100 pg/mL of
DNase-free RNase for 30 minutes at 37°C. The DNA
content was quantitated by spectrophotometry at
260/280 nm. Samples (5 [g) were subjected to elec-
trophoresis in 2% agarose gels and were imaged by
ethidium bromide staining and digital photography.
In some cases, the extent of DNA fragmentation was
quantified by densitometry of subchromosomal DNA
fragments on digitized images using Adobe Photo-
shop 4.0 (Adobe Systems Inc., Mountain View, Cali-
fornia, USA) for Macintosh.

Western blot analysis. For detection of p53, Bax, Bak,
Bcl2, and actin proteins, cells were harvested in ice-cold
lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NacCl,
1% Triton X-100, and 50 mM NaF) with freshly added
1 mM Na3zVOy, 0.5 mM DTT, 1 mM PMSF, 10 pg/mL
leupeptin, and 2 pg/mL aprotinin. Cells were triturat-
ed with a pipette tip 10 times, and the resulting lysates
were centrifuged at 14,000 g for 10 minutes to remove
cell debris. Protein content was determined using a
Pierce BCA kit (Pierce Chemical Co., Rockford, Illinois,
USA). Equal amounts of protein (10-200 pig) were frac-
tionated on 12% or 15% SDS-polyacrylamide gels and
were electroblotted to nitrocellulose (Bio-Rad Labora-

tories Inc., Hercules, California, USA). Blots were
stained with Ponceau red to monitor the transfer of
proteins. Membranes were blocked for 1 hour at room
temperature with 5% nonfat milk in TBS (25 mM Tris,
137 mM NaCl, and 2.7 mM KCI) containing 0.05%
Tween-20, and were incubated with specific antibodies
for 2-4 hours in the same buffer. After washing, the
blots were incubated for 1 hour with 1:7,500 dilution
of horseradish peroxidase-conjugated (HRP-conjugat-
ed) anti-rabbit IgG or HRP-conjugated donkey anti-
goat IgG, and were viewed using an enhanced chemilu-
minescence detection system (Pierce Chemical Co.).

Northern blots. Northern blot procedures were exactly
as described previously (47, 52). Full-length rat p21 and
p53 probes were generated by RT-PCR on rat template
mRNA using primers derived from the published
sequences (53, 54).

Electrophoretic gel mobility shift. Nuclear extracts were
prepared from confluent plates as described previous-
ly (55). Sequences of the oligonucleotide probes (sense
strands) were as follows: p53 wild-type, TACAGAA-
CATGTCTAAGCATGCTGGGG; pS3 mutant, TACA-
GAATCTGTCTAAGC ATGCTGGGG; HRE competi-
tor, AAAGAGAGGCGGGGCTGGCTGGG (47).
Gel-purified double-stranded oligonucleotides were
end labeled with [3?P]ATP using T4 polynucleotide
kinase (Promega Biotech, Promega Corp., Madison,
Wisconsin, USA) and [y-*?P]ATP (Du Pont NEN
Research Products, Boston, Massachusetts, USA).
Equal amounts of radioactive probe (1.5 X 10% to 2.5 x
10* cpm) were added to binding reactions that con-
tained 8 g of nuclear extract protein in 20 UL of a
buffer containing 4 mM Tris (pH 7.8), 12 mM HEPES
(pH 7.9), 60 mM KCl, 30 mM NaCl, 0.1 mM EDTA, and
1 pg poly(dI-dC) (Amersham Pharmacia Biotech, Pis-
cataway, New Jersey, USA). Reactions were incubated
for 20 minutes at 22°C before separating on nondena-
turing 5% polyacrylamide gels at 4°C. Competitor
DNAs were added in 200-fold excess immediately
before the radioactive probe. Proteins were determined
with a Pierce BCA kit.

Transient expression. Cardiac myocytes were trans-
fected the day after isolation using calcium phos-
phate as described previously (47, 49). Plates (60 mm)
were transfected with 9 g of the test plasmid (p21-
Luc, p21-M-Luc, pa-MHC-HRE-Luc, and Rous sar-
coma virus-Luc [RSV-Luc]) and 1 Hg of pTK-RN
(Promega Corp.) as the internal control to correct for
variations in transfection efficiency. For adenoviral
infections, transfected cells were infected with virus
at 10 plaque-forming units (PFU) per cell the day
after transfection. Plates were exposed to hypoxia or
air after an additional 2-3 days. Adenoviruses infect-
ed 100% of the cells under these conditions, as deter-
mined by X-gal staining after infection with Ad-f-
gal, and wild-type and mutant p53 viruses generated
equivalent levels of protein expression by Western
blots (data not shown; see Figure 7). Cultures were
harvested after treatments and lysed for luciferase
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Figure 1

Contributions of waste metabolic buildup to apoptosis induced by chronic hypoxia. (a and b) Parallel cultures of cardiac myocytes were
exposed to hypoxia as described in Methods. In a, the medium was replaced with fresh hypoxic medium every 12 hours; in b, there was no
medium replacement. Cultures were harvested at the indicated times and processed for DNA fragmentation. (c) Intracellular ATP, medium
glucose, and [pH], were measured in parallel cultures as described in Methods; results are means of 3 separate experiments. Open circles
are results from cultures without medium replacement; closed circles, with medium replacement. (d-f) Typical fields of myocytes stained
with HOECHST 33342 and anti-myosin antibody as described in Methods. (g) Quantitations of HOECHST-stained condensed nuclei, also
described in Methods. At 24 and 48 hours, less than 2% of cells were Pl positive (scored as necrotic) under any condition; at 72 hours, hypox-
ia-acidic cultures had more Pl-positive cells, and these were scored as apoptotic if they contained condensed nuclei. Costaining populations
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assays. Equal amounts of protein were assayed for
expression of luciferase using the Promega dual-
luciferase reporter assay system according to the
manufacturer’s protocol. Protein was assayed using a
Bio-Rad assay kit.

P53/ knockout mice. Mice heterozygous for a disrup-
tion in the p53 gene locus (56) were a kind gift from R.
Kitsis (Albert Einstein College of Medicine, Bronx,
New York, USA), and were backcrossed into C57BL/6
wild-type mice. Offspring of heterozygous pairs were
genotyped by PCR analysis of tail DNA by PCR with
primers X6.5 (5'-ACAGCGTGGTACCTTAT-3") and X7
(S'-TATACTCAGAGCCGGCCT-3')  to  amplify
the endogenous allele, and primers neo 18.5 (5'-
TCCTCGTGCTTTACGGTATC-3') and X7 to amplify
the disrupted allele. Homozygous offspring were bred

to produce F1 litters of p53~/~ pups, which were used to
generate neonatal mouse cardiac myocyte cultures
exactly as already described here for the neonatal rat.
Wild-type C57BL/6 litters were used as controls.
Langendor(f perfusions. Mouse hearts were perfused by
the Langendorff method essentially as described previ-
ously (57). Briefly, C57BL/6 or p53 knockouts, as
described here (25-35 g body weight), were anesthetized
with pentobarbital (60 mg/kg intraperitoneally). The
chests were opened, and the hearts were rapidly excised
and placed in iced Krebs-Henseleit buffer (KHB) (4°C).
Thymic and fatty tissues were carefully trimmed to
reveal the ascending aorta, which was then cannulated
with a blunted 20-gauge needle. During transfer to the
Langendorff apparatus, the cannula was perfused to
avoid air entry. The heart was attached to the apparatus
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and retrograde perfused at constant pressure (80
mmHg) with a flow rate of 2-4 mL/min. The time from
excision of the heart to commencement of perfusion
did not exceed 5 minutes. The perfusion bufter consists
of a phosphate-free KHB as follows (mM): 118 NaCl, 24
KCl, 2.5 CaCl,, 1.2 MgSOy, 0.5 EDTA, 25 NaHCO3, 0.5
pyruvate, and 10 glucose. The KHB buffer was equili-
brated at 37°C with 5% CO,/95% O, (pH 7.4), and the
Langendorff apparatus was housed in a temperature-
controlled (37°C) and humidified incubator. Any hearts
in which coronary flow was excessive (>S5 mL/min;
indicative of an aortic tear), that contracted at more
than 300 bpm, or that maintained persistent arrhyth-
mias after stabilization were excluded from further
study. Before experimentation, all hearts were exposed
to an initial 30-minute stabilization period. For con-
trols, hearts were perfused for 3 additional hours;
ischemia consisted of no flow for the periods indicated;
ischemia-reperfusion entailed a 20-minute no-flow with
reperfusion for the indicated times. At the end of each
experiment, hearts were frozen at -95°C.

Isolation of DNA from perfused hearts. The left ventricle
was removed from frozen hearts, sliced into approxi-
mately 2-mm squares, and digested for 16 hours at
37°Cinalysis buffer containing 10% SDS, 10 mM Tris-
HCI (pH 7.8), 1 mM EDTA, and 200 Jg/mL proteinase
K. The DNA was purified by twice extracting with phe-
nol/chloroform and precipitating with isopropanol.
The DNA pellet was rinsed with 70% ethanol and resus-
pended in Tris-EDTA buffer. DNA samples were sub-
jected to electrophoresis as described earlier here.

Biochemical assays. ATP and glucose were measured as
described previously (48, 49), and pH was measured
directly in the culture medium using an Orion meter
with a micro Ross electrode (Orion Research Inc., New
South Wales, Australia).

Statistical analysis. Results are expressed as mean =+
SEM. Differences between means were evaluated by 2-
tailed Student’s ¢ test. ANOVA was carried out using
InStat 2.0 (GraphPad Software for Science Inc., San
Diego, California, USA) for Macintosh.

Results

Correlation of hypoxia-mediated apoptosis with change in
extracellular pH. We reported previously that rapidly
contracting cardiac myocytes remained fully viable and
contractile during culture under severe hypoxia for up
to 6 days (48). Glycolysis was induced approximately
10-fold within 1 hour, and there was no evidence of
major cell loss. The intracellular ATP of hypoxic
myocytes dropped to about 70% of control plates, and
a slightly reduced contractility correlated with lower
intracellular cAMP in the hypoxic cultures. These
results contrast with more recent reports of significant
cardiac myocyte cell loss by apoptosis after 48-72 hours
of exposure to an equivalent degree of hypoxia (44, 45).
To investigate this apparent discrepancy, we exposed
cultures of myocytes to 2 different hypoxic regimens
and measured the levels of apoptosis by DNA ladders
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Figure 2

Induction of apoptosis by conditioned medium. Cultures were grown
under hypoxia with or without medium change. After 48 hours, the
medium was removed and the cells were analyzed for DNA fragmen-
tation (top). The spent medium was centrifuged at 800 g for 5 min-
utes, to pellet cells and debris, and was added directly to a second
set of plates. These plates were incubated in air or under hypoxia as
indicated. After 24 hours, these cells were also harvested and ana-
lyzed for DNA fragmentation. Controls show untreated cells har-
vested at the time of medium change. [pH], was measured in all
cases immediately before harvesting the cells. Control samples shown
in the last 2 lanes of the bottom left panel did not receive spent medi-
um. Results are representative of 3 separate experiments.

and HOECHST staining. In the first set, the cultures were
maintained continuously under hypoxia, and the medi-
um was replaced twice daily with fresh hypoxic medi-
um to prevent the buildup of waste metabolites (48). In
the second set, the cultures were maintained in paral-
lel, but the medium was not replaced. The cultures were
also monitored for ATP, glucose, and extracellular pH
([pH]o) as described previously (48, 58) and in Methods.
The results are shown in Figure 1, a and b. There was
no evidence of DNA fragmentation under the first set
of conditions (Figure 1la), but cultures subjected to
hypoxia without medium changes showed significant
DNA laddering after 48 hours and extensive laddering
after 72 hours (Figure 1b). In agreement with our pre-
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Neutralized medium prevents apoptosis. Conditioned medium was generated as described in Figure 2. (a, top) DNA ladders from the car-
diac myocytes used to generate the spent medium. (a, bottom) Spent medium was added directly to fresh plates of cardiac myocytes (mid-
dle 2 lanes), or it was neutralized to pH 7.4 with HEPES (20 mM final concentration) and NaOH and then added to a second set of fresh
cardiac myocytes. Both sets of plates were incubated under hypoxia for 24 hours and analyzed for DNA fragmentation. Control plates were
incubated under aerobic or hypoxic conditions in parallel. (b) Parallel sets of cardiac myocytes exposed to hypoxia without medium change.
In the first set (b, left), the acid was allowed to accumulate exactly as described in Figure 1b; in the second set (b, right) aliquots of 250 mM
HEPES and 250 mM NaOH were added every 12 hours to maintain a [pH], of approximately 7.1. Measurements of DNA fragmentation and
determinations of percent condensed nuclei (c) were as described in Methods. In all cases, the medium pH was measured immediately before
the cultures were harvested. (d) Typical field of myocytes stained with HOECHST 33342 and anti-myosin antibody as described in Figure 1d.
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Results in a, b, and c are from typical experiments; error bars in ¢ are SEM (n = 3).
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vious observations, when the medium was replaced
twice daily, ATP levels dropped to about 75% of aerobic
control levels after 24 hours and remained stable there-
after; [pH], did not change, and glucose levels
remained high (Figure 1c). Under these conditions, the
myocytes continued to contract for the duration of the
experiment, as reported previously, and there was no
significant loss of total DNA or protein (data not
shown; ref. 48). When the medium was not replaced,
intracellular ATP levels were sustained up to 48 hours
but dropped dramatically at 72 hours, coincident with
the loss of most of the cells by apoptosis. Glucose
declined progressively over the 72-hour period but was

not depleted, and [pH], declined steadily to a final
value of about 6.0 (Figure 1c). Under these conditions,
contractions ceased before 48 hours (data not shown).

Cardiac myocytes were grown on glass coverslips and
were fixed and double stained with HOECHST 33342 and
anti-myosin antibody (Figure 1, d-f). In cultures grown
aerobically, abundant myofilaments with clear cross-
striations were evident with the myosin stain (Figure 1d,
right panel). As indicated by the white arrows, most of
the nuclei were oval, and there was sparse evidence of
condensation or internal fragmentation. In this field, 29
nuclei were scored normal and 1 was condensed; 25
nuclei were localized within cells that were myosin pos-
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itive. At 72 hours, the unfed hypoxic cultures (Figure 1e)
still stained strongly with myosin antibody, but there
was clear deterioration of the myofilaments, and cross-
striations were no longer clearly visible. In the field
shown, 22 nuclei were scored condensed (examples are
indicated by the arrows), and 14 were normal; only 2
nuclei in this field were localized to myosin-negative
cells. In contrast, cells that received medium replace-
ment still exhibited myofilaments with intact cross-stri-
ations after 72 hours of hypoxia (Figure 1f, right panel,
arrow at far right), and most of the nuclei were normal.
In this field, 27 nuclei were scored normal and 3 con-
densed; 2 nuclei were localized to nonmyocytes. White
arrows indicate normal cardiac myocyte nuclei; the pink
arrow indicates a condensed nucleus.

These data were quantitated as shown in Figure 1g.
The bar graphs indicate the percentage of apoptotic
nuclei scored for each condition. Control aerobic cul-
tures contained 5-7% apoptotic cells, similar to previ-
ous reports (51). This increased to 44% after 48 hours of
hypoxia with metabolite buildup, and to 60% after 72
hours of hypoxia. In hypoxic cultures without metabo-
lite buildup, the apoptotic index was significantly lower
(11 £ 1.5% at 72 hours). This slight increase in apopto-
sis over aerobic myocytes could be due to transitory aci-
dosis under these conditions or to other factors associ-
ated with hypoxic incubation. Except for the 72-hour
hypoxia-acidosis condition, necrotic cells (PI-positive
noncondensed nuclei) were less than 5% of the total
cells counted (see Methods; data not shown).

These results suggest either that proapoptotic factors
accumulate in the medium during hypoxia or that vital
components are depleted. To test these possibilities,
medium from 48-hour hypoxic cultures that were just
beginning to show signs of DNA laddering (Figure 2,
top) was transferred to fresh cardiac myocytes. These
cells were incubated for 24 hours under either hypoxic
or aerobic conditions. Apoptosis was monitored by
DNA fragmentation. Control plates received medium
from hypoxic cells that underwent medium replace-
ment (+ med). A typical experiment is shown in Figure
2. In this case, significant apoptosis was apparent in
both aerobic and hypoxic cultures 24 hours after expo-
sure to the spent medium. Glucose and ATP levels were
maintained in all cultures (data not shown). The [pH],
in the aerobic plates remained stable at 7.0, whereas the
[pH], under hypoxia dropped to 6.1. More DNA frag-
mentation appeared in the sample from the 24-hour
hypoxic plate, correlating with the lower [pH],. In con-
trol plates (Figure 2, bottom right), there was only
slight DNA laddering at 24 hours, and the [pH],
remained high in these cultures.

The induction of apoptosis of fresh cardiac myocytes
by spent medium could be due to the accumulation or
depletion of factors in this medium. Obvious candi-
dates for proapoptotic factors are the protons extruded
from the hypoxic cells. To determine whether this was
the case, the pH of the spent medium from 48-hour
hypoxic cultures was readjusted to 7.6 with NaOH and

HEPES before adding back to fresh cardiac myocytes.
Apoptosis was again monitored in the recipient cells as
described in Figure 2. These results are shown in Figure
3a. As before, acidic spent medium from hypoxic
myocytes again caused extensive apoptosis after 24
hours (Figure 3a, bottom, lanes 4 and 5). In contrast,
minimal DNA fragmentation was detected in the con-
trol cells (normal medium, lanes 2 and 3) and in sam-
ples from cells exposed to the same spent medium after
pH neutralization (lanes 6 and 7). This suggests that an
acidic pH is important for the induction of nuclear frag-
mentation by spent medium from hypoxic cultures. It
also suggests that acidic [pH], may directly induce
apoptosis. To test this hypothesis directly, parallel car-
diac myocyte cultures were again exposed to hypoxia as
described in Figure 1. In the first set, the medium was
not replaced and became acidic (conditions were the
same as described in Figure 1b). In the second set of cul-
tures, the medium was not replaced, but [pH], was
maintained higher than 7.0 by adding predetermined
amounts of HEPES and NaOH at 12-hour intervals.
The results are shown in Figure 3b. In the absence of
additional buffer, [pH], dropped to 5.7 at 48 hours, and
there was extensive apoptosis at both 48 hours and 72
hours. In the cultures with neutralized medium, DNA
fragmentation was significantly reduced.

These results were confirmed by quantitation of
HOECHST-stained condensed nuclei (Figure 3¢). Cardiac
myocytes were cultured for 72 hours under hypoxia
without medium change, with or without the addition
of sufficient buffer and alkali to neutralize the pH every
12 hours. These cells were fixed and double stained with
HOECHST 33342 and MF-20 (Figure 1). Examples are
shown in Figure 3d. Hypoxic, pH-neutralized myocytes
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Figure 4

Exogenous lactic acid induces apoptosis. Lactic acid was added to
culture medium to a final concentration of 16.5 mM, and the pH was
adjusted to 6.8 by adding phosphoric acid. The medium was added
to fresh cultures of cardiac myocytes, and the cultures were incubat-
ed under air or hypoxia as indicated. DNA fragmentation was deter-
mined as described in Methods. The initial pH in both aerobic and

hypoxic cultures was 6.8; the aerobic cultures maintained this pH,
the pH of hypoxic cultures decreased further to a final pH of 5.8.
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Figure 5

Hypoxia-acidosis-mediated apoptosis is independent of p53. (a) Cardiac myocytes were exposed to hypoxia as described in Methods. Plates
were harvested at the indicated times, and proteins were extracted. For the 36-hour time points in a, the culture medium was changed every
12 hours (no metabolite buildup) or there was no medium change (metabolite buildup). In the bottom panel, proteins were extracted from
MEFs as described in Methods. Western blots and probes are described in Methods. (b) Nuclear extracts were prepared from aerobic and
(unfed) hypoxic cultures and from cultures infected for 48 hours with an adenoviral vector expressing p53 as described in Methods. Com-
petition lanes include self (p53) and an oligonucleotide with the hypoxia-inducible factor-1 consensus binding site (HRE) (73). All probes
and procedures are described in Methods. Equal amounts of protein (8 Lg) were loaded in each lane. (¢) Cardiac myocytes were exposed
to hypoxia (without medium change) for the indicated times; protein was extracted and analyzed by Western blot using anti-Bax, anti-Bak,
and anti-actin antibodies, described in Methods. (d) Cardiac myocytes were transfected with the indicated plasmid using calcium phos-
phate as described in Methods. Transfected cultures were incubated under aerobic or hypoxic conditions for 24, 48, or 72 hours (without
medium change) as indicated. For viral infections, transfected cultures were inoculated with wild-type p53 at 5 PFU/cell plus 5 PFU of a virus
expressing LacZ (Ad-p53), or with 5 PFU/cell of wild-type p53 plus 5 PFU of dominant-negative p53 (Ad-p53DN; contains a Cys-135 — Ser
mutation; ref. 74) as described in Methods. (e) Cardiac myocytes were isolated from wild-type or p53 knockout neonatal mice as described
in Methods. The myocytes were cultured and exposed to hypoxia under the same conditions described in Figure 1b.

acid induced DNA laddering in both aerobic and
hypoxic cardiac myocytes. The fragmentation induced

exhibited some degree of myofilament deterioration,
but cross-striations were still apparent, and most of the

nuclei were normal (compare with Figure le). In the
field shown, 25 nuclei were scored normal and 3 were
apoptotic; 1 nucleus was localized to a nonmyocyte.
Induction of apoptosis by extracellular lactic acid. The
results described here demonstrate that low [pH], is
critical for the induction of apoptosis by hypoxia in this
model. They do not show that acidosis can activate
apoptosis independently of other factors that may
accumulate or disappear from the extracellular medi-
um during exposure to hypoxia. To test the effect of
acidosis directly, we added lactic acid to fresh cardiac
myocyte cultures at similar concentrations to those
seen in conditioned medium after 72 hours of hypoxia
(48), and adjusted the pH to 6.8 with phosphoric acid.
These cultures were exposed to aerobic or hypoxic con-
ditions as before. As shown in Figure 4, the addition of

by exogenous acid was not as pronounced as that
caused by 24 hours of conditioned medium (Figure 2).
This could be due to a number of factors, including the
site of generation of the acid or additional proapop-
totic components in the conditioned medium. Howev-
er, there was more DNA fragmentation in the acidified
aerobic cultures than in either the aerobic or hypoxic
controls, even though the hypoxia control cultures
achieved the same final pH. These results confirm that
extracellular acidosis can induce significant apoptosis
independently of hypoxia in cardiac myocytes.
Hypoxia-acidosis—mediated apoptosis is independent of
changes in p53. The results described here demonstrate
that extracellular acidosis, and possibly other metabo-
lites, induces apoptosis of cardiac myocytes independ-
ently of hypoxia. Because p53 has been implicated in
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numerous pathways of apoptosis in other systems, as
well as in cardiac myocytes subjected to stretch,
angiotensin II, and hypoxia (42-44), we asked whether
pS53 was involved in initiating the signaling pathways
mediated by hypoxia-acidosis. Four assays for p53
activity are shown in Figure 5, a-d. Figure 5a shows typ-
ical Western blots of proteins from cardiac myocytes
and mouse embryo fibroblasts (MEFs) subjected to
increasing periods of hypoxia (as in Figure 1, a and b).
The p53 levels in the myocytes were very low at all times
and did not change after short- or long-term exposure
to hypoxia, with or without metabolic buildup. Infec-
tion with a p53 adenovirus caused a large accumula-
tion of p53 (Figure Sa, third panel). As a positive con-
trol, p53 was measured in MEFs exposed to hypoxia
(Figure Sa, bottom panel). In agreement with a previ-
ous report (43), p53 protein was elevated approximate-
ly 4-fold in these cells after 12 hours.

Changes in the activity of p53 may occur independ-
ently of net synthesis, e.g., through phosphorylation or
nuclear translocation (59, 60). To determine whether
there were changes in the activity of nuclear p53, DNA
binding was measured by electrophoretic mobility shifts
using a p53 binding site oligonucleotide and nuclear
extracts from aerobic and hypoxic cardiac myocytes (as
described in Methods). Previous reports have demon-
strated the weak but specific nature of p53 binding by
this assay (42, 43). The arrow in Figure 5b indicates the
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pS3-specific binding complex. This band was competed
by excess cold probe (lane 5), but not by excess of a
non-p53 binding site probe (HRE, lane 6), and it was
not present when the labeled probe contained a p53
binding site mutation (lanes 7-10). There was no
change in the specific p53 binding complex between
aerobic and hypoxic nuclear extracts. In agreement with
a previous report (44), infection with a p53 adenovirus
caused an increase of p53 complex binding (lane 4).

Changes in the expression of p53 target genes Bax
and Bcl2 have been implicated in apoptosis caused by
pressure overload, angiotensin II, and stretch (42).
Increased expression of Bcl2 and Fas proteins and no
change of Bax were reported in ischemic myocardial tis-
sue (61). Western blot assays were used to determine
whether chronic hypoxia caused changes of Bax, Bcl2,
or Bak. As shown in Figure Sc, exposure of myocytes to
hypoxia for 24 or 48 hours caused no apparent changes
in Bak or Bax; Bcl-2 protein levels were too low to
detect, consistent with a previous report (62).

To assay for changes in function of p53, we measured
the effects of chronic hypoxia on the expression of a
transfected p21 promoter (43, 44). As shown in Figure
5d, there was no significant effect of hypoxia on the
expression of luciferase from either wild-type or
mutant p21 promoters (in p21-M, the p53 binding
sites of the wild-type p21 promoter are deleted). The
slight trend toward increased p21 promoter activity
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Figure 6

Induction of apoptosis by hypoxia-reoxygenation. Cultures of cardiac myocytes were exposed to hypoxia for 24 hours and then reoxygenat-
ed by replacing the medium with fresh aerobic medium and incubating in air (21% O/5% CO5). Plates were harvested at the indicated times
and analyzed for DNA fragmentation (a) or nuclear condensation (b and c) as described in Methods. HOECHST staining and the quantita-
tion of condensed nuclei were as described in Figure 1. Typical fields of HOECHST-stained cardiac myocytes (b) were photographed at X400.
The 48-hour hypoxic incubation (¢) was subjected to medium replacement and did not become acidic.
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Figure 7

Hypoxia and reoxygenation do not affect expression of p53, Bak, or
Bax. Cultures of cardiac myocytes were exposed to hypoxia for 24
hours and then to reoxygenation as described in Figure 6. Proteins were
extracted and analyzed by Western blots as described in Methods.

after 48 hours of hypoxia (1.2 + 0.3-fold), although dif-
fering from the trends of the a-MHC and RSV pro-
moters at this time point, was not significant when
compared with the p21 aerobic control or the p21-M
promoter at 48 hours of hypoxia (0.9 + 0.15). As a pos-
itive control, p21-Luc-transfected cells were infected
with a p53 adenovirus (p53-Ad); in this case, expression
of the p21 promoter was induced by about 3-fold.
When the p21-Luc-transfected cultures were infected
with equal amounts (5 PFU/cell) of Ad-p53 and an ade-
noviral vector containing a dominant-negative mutant
P53 (Ad-pS3DN), the induction was quenched (Figure
5d, lane 10). Expression of the hypoxia-responsive vec-
tor pa-MHC-HRE-Luc (lanes 11 and 12) confirmed
that the culture conditions used here were sufficient to
activate hypoxia-regulated genes, whereas there was no
effect on the expression of the RSV promoter (47, 63).

Finally, we detected no change in endogenous p53 or
p21 transcripts by Northern blots of RNA from cardiac
myocytes exposed to hypoxia or hypoxia-acidosis for 6,
12, 24, or 36 hours, compared with aerobic controls
(data not shown).

These results indicate that p53 activity in cardiac
myocytes does not change during the exposure of these
cells to chronic hypoxia and suggest that the ensuing
apoptosis is independent of changes in p53 activity. To
confirm this, cardiac myocytes were isolated from wild-
type and pS53 knockout mice and were subjected to
chronic hypoxia-acidosis (without medium change) as
described in Figure 1b. As shown in Figure Se, although
the levels of apoptosis were lower than previously seen
with rat cardiac myocytes, there was clear genomic

DNA fragmentation in both wild-type and knockout
mouse cells; the arrows in the figure indicate fragments
of about 200-bp increments, highly characteristic of
apoptotic genomic DNA (2). No fragmentation was
detected in the control (aerobic) samples. There
appeared to be slightly more DNA loaded in the knock-
out lanes, and more intense fragmentation; densito-
metric scanning indicated approximately equivalent
ratios of fragmented/intact DNA in the 2 samples (n =
2; data not shown). The reason for lower levels of apop-
tosis in mouse versus rat cardiac myocytes is probably
related to the slightly decreased contractility and slow-
er rate of acid production in the mouse cultures (data
not shown). In other experiments, rat myocytes treated
with Ad-p53DN, as described in Figure 5d, displayed
identical DNA fragmentation as the controls after
exposure to chronic hypoxia-acidosis (data not shown).
Together, these results strongly suggest that hypoxia-
acidosis-mediated apoptosis of cardiac myocytes is
independent of p53 activity.

Reoxygenation of hypouxic cardiac myocytes induces apoptosis.
The results reported here show that chronic hypoxia
alone does not cause apoptosis of cardiac myocytes. Our
previous results indicated that chronic hypoxia caused
loss of glutathione and mediated a stress response that
included the induction of c-Jun NH,-terminal kinase
(JNK) activity when the cultures were reoxygenated (64).
These conditions mimic the changes in oxygen tension
that occur during ischemia and reperfusion. We there-
fore asked whether reoxygenation of hypoxic cultures
also induced apoptosis. These results are shown in Fig-
ure 6, a and b. There was no evidence of apoptosis after
24 hours of hypoxia, in agreement with the results in Fig-
ure 1. However, DNA laddering was apparent 8-12 hours
after reoxygenation. Maximal DNA fragmentation
occurred 16-24 hours after reoxygenation and then
declined to baseline levels. Figure 6b shows representa-
tive fields of HOECHST-stained nuclei. Arrows in the bot-
tom left panel indicate examples of condensed nuclei
that were scored positive. In this field, 12 nuclei were
scored condensed and 15 were normal. Figure 6¢ shows
the quantitation of condensed nuclei under the differ-
ent conditions, determined as described in Figure 1;
approximately 30% of the cells became apoptotic at the
peak time of 16-24 hours after reoxygenation.

Reoxygenation-mediated apoptosis is independent of changes
in p53. To determine the role of p53 or its associated
genes in reoxygenation-mediated apoptosis, we meas-
ured protein levels of p53, Bak, Bax, and Bcl-2 at inter-
vals during exposure of cells to hypoxia-reoxygenation.
These results are shown in Figure 7. As with hypoxia
alone, there were no major changes in the levels of p53,
Bak, or Bax after hypoxia-reoxygenation. Bcl-2 was not
detectable. The slight increase in p53 seen at the 24-
hour hypoxia time point was not reproduced in 2 other
experiments in which there was a slight decrease and no
change (data not shown).

To confirm these results, we asked whether hypoxia-
reoxygenation induced DNA fragmentation of cardiac
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myocytes in the absence of p53. Myocytes were isolated
from p53-null homozygous knockout mice and their
wild-type littermates and were subjected to hypoxia-
reoxygenation (Figure 6). The results are shown in Fig-
ure 8. DNA internucleosomal cleavage peaked earlier
and was at least equivalent in cardiac myocytes from
PpS37/-versus p53*7/* animals. This confirms that apop-
tosis mediated by either hypoxia-reoxygenation or
hypoxia-acidosis does not require pS53.

Ischemia with reperfusion causes equivalent apoptosis in wild-
type and pS3 knockout mouse hearts. As one approach to
determine whether the results obtained from the in
vitro model reflected pathological changes in the intact
organ, we measured DNA fragmentation from mouse
hearts subjected to ischemia and reperfusion. Adult
hearts from wild-type and p53 knockout mice were per-
fused by the Langendorff technique as described in
Methods. Previous studies demonstrated that DNA
fragmentation induced by 24 hours of permanent
occlusion of the coronary artery (ischemia alone)
occurred at equivalent levels in wild-type and p53
knockout mice (46). Apoptosis induced by ischemia and
reperfusion of Langendorff-perfused mouse hearts has
not been reported previously. Figure 9 compares nucle-
osomal ladders from the 2 groups. There was clear
genomic DNA fragmentation in both wild-type and p53
knockout cells subjected to 20 minutes of ischemia and
3 hours of reperfusion (Figure 9, panels 2 and 4, respec-
tively). DNA fragmentation in the knockout hearts was
at least equivalent to that in the wild-type. No fragmen-
tation was detected in the aerobic samples (controls, 3-
hour aerobic perfusion; Figure 9, all panels) or in sam-
ples from hearts subjected to ischemia alone for 20
minutes to 3 hours (Figure 9, panels 1 and 3); a faint
smear of degraded DNA was sometimes evident in sam-
ples subjected to extended ischemia, but no distinct
ladders were seen. In the ischemia-reperfused samples
(Figure 9, panel 2), DNA ladders appeared only after
more than 2 hours of reperfusion, and the degree of
fragmentation was maximal after 3-4 hours of reperfu-
sion. Apoptosis in the ischemia-reperfused hearts of
both wild-type and p53 knockout mice was confirmed
by TUNEL assay, using an ApopTag kit (Intergen Co.,
Purchase, New York, USA) in which TUNEL-positive
cells colocalized with cardiac myocytes (data not
shown). These results show that ischemia with reperfu-
sion, but not ischemia alone, induces equivalent DNA
fragmentation in Langendorff-perfused hearts from
wild-type and p53~~ knockout mice.

Hypoxia, acidosis, and reoxygenation do not induce DNA
fragmentation in nonmuscle fibroblasts. Finally, in results
not shown, confluent cultures of nonmuscle fibrob-
lasts were exposed to the same conditions of hypoxia,
acidosis, and reoxygenation as described earlier here for
cardiac myocytes, and were analyzed for DNA frag-
mentation. There was no evidence of DNA fragmenta-
tion in these cells under any condition, even under the
most extreme conditions of hypoxia with acidosis. This
indicates that the responses described here are at least

partially specific for cardiac myocytes; it also suggests
that the apoptosis observed and quantitated in this
report is probably exclusively from cardiac myocytes.

Discussion

Our results demonstrate that chronic severe hypoxia
does not cause apoptosis of cardiac myocytes unless it
is accompanied by acidosis or reoxygenation. Exposure
of cultures to 72 hours of continuous hypoxia with
twice-daily medium replacement resulted in levels of
apoptosis that were only slightly higher than aerobic
controls, as determined by DNA laddering or nuclear
condensation. This is consistent with a previous report
from this laboratory wherein we exposed cardiac
myocytes to 6 days of continuous hypoxia and observed
no significant cell loss (48). Extensive apoptosis was
apparent when cultures were exposed to hypoxia for
48-72 hours with no medium change. Under these con-
ditions, the [pH], decreased progressively, usually to
less than 6.0 at 72 hours. At this time, contractions
failed, myofilaments deteriorated, most of the remain-
ing nuclei were condensed, and there was very pro-
nounced DNA fragmentation with little evidence of
high-molecular-weight DNA, indicating that most of
the cells were either dead or dying.

Four direct lines of evidence support an essential if
not singular role for [pH], in the activation of apopto-
sis by hypoxia. First, acidic spent medium induced
apoptosis of fresh myocytes with or without addition-
al hypoxia. Second, neutralized spent medium was no
longer proapoptotic, even with additional hypoxia.
Third, apoptosis was prevented in hypoxic cultures by
neutralizing extracellular acid as it was produced.
Fourth, acidification of the medium with lactic and
phosphoric acids was sufficient to induce myocyte
apoptosis under either aerobic or hypoxic conditions.
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Figure 8
Induction of apoptosis in cardiac myocytes from p53~~ knockout
mice. Cardiac myocytes were isolated from 1- to 2-day-old wild-type
(a) or p53-nullizygous (b) mice as described in Methods. Cell culture
and treatments were exactly as described in Figure 6.
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Figure 9

Nucleosomal fragmentation in genomic DNA from ischemia-reperfused mouse hearts. Hearts were perfused on a Langendorffapparatusas
described in Methods. Left ventricle DNA was isolated from wild-type and p537~ knockout mice subjected to ischemia alone or to ischemia
and reperfusion. Controls were perfused with aerobic perfusion buffer (95% O2/5% CO) for 3 hours. Nucleosomal ladders are apparent

from the ischemia-reperfused hearts of both genotypes.
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These results suggest that the direct stimulus for apop-
tosis of cardiac myocytes during hypoxia is the extra-
cellular accumulation of protons.

Excess protons are expelled from the intracellular com-
partment of the cardiac myocytes through the actions of
3 main transporters: the Na'/H* exchanger, the
Na*/HCOj3™ cotransporter, and the vacuolar proton
ATPase (30, 34, 35). Each of these exchangers contributes
to the maintenance of neutral [pH]; by extruding excess
protons under conditions of hypoxia or ischemia. The
activity of each transporter is regulated, at least in part,
by the myoplasmic membrane pH gradient, determined
by [pH]i and [pH], (34). A decrease of [pH], below [pH];
requires that protons are transported against the proton
gradient; as this gradient increases, transporter activities
decrease and the [pH]; falls correspondingly. If the [pH],
falls low enough, proton extrusion stops; this has been
reported to occur at a [pH], of about 6.0 for Na*/H*
exchange in chick cardiac myocytes (34). Therefore,
when extracellular protons are not cleared, decreased
[pH], will be paralleled by a corresponding, or even
greater, drop of [pH];. This is likely to be the situation
under conditions of hypoxia or ischemia with pro-
nounced acidosis, and the signal for apoptosis under
these conditions probably involves both intracellular
and extracellular acidosis. It should be noted that apop-
tosis was initiated by hypoxia-acidosis in our studies well
before there was significant loss of ATP; therefore, fail-
ure of ATP-sensitive channels, including the vacuolar
proton ATPase or ATP-sensitive K* channel, is probably
not a part of this mechanism (29, 30, 65). Also, the effect
is probably not mediated by secondary accumulation of
Ca?", because more Na*/H"* exchange and consequent

Ca?" accumulation will occur under conditions of extra-
cellular H* clearance when there is no significant apop-
tosis (Figure 1a).

Our results also indicate that apoptosis resulting
from hypoxia-acidosis was independent of changes in
the tumor-suppressor protein p53. Five independent
lines of evidence favor a p53-independent pathway for
hypoxia-acidosis-activated apoptosis in this model.
First, there was no change of p53 protein at any time
during the exposure of myocytes to hypoxia. Second,
there was no change of p53 binding activity in nuclear
extracts from cardiac myocytes subjected to 24 or 48
hours of hypoxia with developing acidosis. Third,
there was no change in the expression of a p53-
dependent p21 promoter in cardiac myocytes subject-
ed to hypoxia-acidosis. Fourth, there was no change in
expression of p53-dependent genes or proteins. Final-
ly, and more importantly, equivalent genomic DNA
fragmentation occurred in hypoxic-acidotic myocytes
isolated from the hearts of wild-type or homozygous
pS37~ knockout mice.

The proapoptotic potential of p53 has been demon-
strated in numerous systems (reviewed in refs. 59, 60,
66), including cardiac myocytes responding to stress
(42), hypoxia-mediated apoptosis of transformed cells
(67), and DNA-damaging agents in multiple cell types
(68). Numerous pathways of apoptosis have also been
described that are independent of p53 (59, 69). The
activity of p53 is highly dependent on dose, cell type,
and cell context. For example, p53 overexpression does
not by itself induce apoptosis in smooth muscle (70,
71); overexpression of p53-dependent p21 protects
skeletal myocytes from apoptosis (72); and y-radiation
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activation of p53 may mediate apoptosis or cell-cycle
withdrawal, depending on the cell type (68). A previous
study reported that p53 was induced in neonatal car-
diac myocytes in response to hypoxia (44). Although we
cannot account for the apparent discrepancies between
this report and our observations, they may be related to
differences in the models and the pleiotropic and con-
ditional properties of p53. The previous study suggest-
ed that hypoxia-mediated changes in p53 correlated
with increased apoptosis, although it did not demon-
strate that pS3 was required for apoptosis.

Also, to our knowledge, we present the first definitive
evidence that reoxygenation is a direct and distinct
stimulus for apoptosis of cardiac myocytes. Nucleoso-
mal fragmentation was evident 8-12 hours after reoxy-
genation and peaked at 16-24 hours in different exper-
iments. Quantitation of condensed nuclei by HOECHST
staining indicated that approximately 30% of myocytes
were apoptotic after 1 cycle of hypoxia-reoxygenation.
This clearly demonstrates that reoxygenation of hypox-
ic cardiac myocytes is extremely stressful, and it sup-
ports our previous report of an intense induction of
JNK activity under the same conditions (64). Apopto-
sis caused by hypoxia-reoxygenation was also inde-
pendent of p53 by the same criteria described earlier
here for hypoxia-acidosis-mediated apoptosis.

We found no evidence for modulation of the expres-
sion of the Bcl-2 family members Bak and Bax in
hypoxia-acidosis- or hypoxia-reoxygenation-mediated
apoptosis. Unchanged levels of Bax protein have also
been reported in ischemic myocardial tissue (61).
Although this does not exclude a role for posttransla-
tional modification of these proteins, the results sup-
portour conclusion that neither of the apoptosis path-
ways described here is dependent on pS53.

Although it is not possible to extrapolate all of
these results to conditions in vivo, it is noteworthy
that hearts from p53 knockout mice show the same
degree of apoptosis as wild-type hearts subjected to
chronic ischemia (46) or to ischemia and reperfusion
(Figure 9). Therefore, in the mouse heart, p53 is clear-
ly not required for apoptosis in response to either
ischemia or reperfusion. This does not mean that
apoptosis in response to other stresses is independ-
ent of p53, or that p53 will not contribute to
ischemia-mediated apoptosis under some circum-
stances, because ischemia is a complex stress. Our
results suggest that hypoxia per se is not a signal for
apoptosis, because cardiac myocytes can remain com-
pletely viable for extended times under severe hypox-
ia, provided they have sufficient glycolytic substrate
and waste metabolite removal. There may be direct
molecular parallels between the in vitro models of
hypoxia, acidosis, and reoxygenation described here
and ischemia in the intact adult heart. Myocardial
tissue subjected to severe chronic ischemia by coro-
nary artery occlusion is likely to be subjected to vary-
ing degrees of both hypoxic stress and acidosis,
whereas ischemia-reperfused tissue experiences

hypoxia-reoxygenation. All of these conditions can
cause apoptosis in a p53-null cellular environment.
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