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Abstract

As a first step toward identifying putative regulators of
apoptosis in the heart, the impact of the anti-apoptosis
protein Bcl-2 (B-cell lymphoma gene) on the NFκB
(nuclear factor kappa beta) signalling pathway in sup-
pressing apoptosis in ventricular myocytes was studied.
The data indicate that adenovirus-mediated delivery of
Bcl-2 resulted in a significant increase in NFκB-depen-
dent DNA binding and NFκB-directed gene transcrip-
tion. No change in NFκB protein content was observed in
myocytes expressing Bcl-2. Moreover, the Bcl-2-mediat-
ed NFκB activation was found to be related to changes in
the activity of the NFκB regulatory protein IκBα
(inhibitor of kappa beta). In this regard, a marked reduc-
tion in IκBα protein content was observed in ventricular
myocytes expressing Bcl-2. The mode by which Bcl-2
regulates  IκBα was related to the N-terminal phospho-
rylation and degradation of IκBα by the proteasome
since an N-terminal deletion mutant of IκBα or the pro -
teasome inhibitor lactacystin abrogated Bcl-2’s inhibito-
ry effects on IκBα and prevented NFκB activation.
Furthermore, adenovirus-mediated delivery of a phos-
phorylation defective form of IκBα rendered ventricular
myocytes incapable of NFκB activation and susceptible
to tumour necrosis factor alpha-mediated apoptosis.
Moreover, Bcl-2’s anti-apoptotic function was lost in
cells defective for NFκB activation. The data provide
evidence for a link between Bcl-2 and the NFκB sig-
nalling pathway for the suppression of apoptosis in ven-
tricular myocytes.

Résumé

Pour identifier les régulateurs présumés de l’apoptose

dans le cœur, on a étudié dans un premier temps l’effet
de la protéine anti-apoptose Bcl-2 (gène du lymphome
B) sur la voie de signalisation du facteur NFκB (facteur
nucléaire kappa beta) dans la suppression de l’apoptose
dans les myocytes ventriculaires. Les données indiquent
que la distribution de la protéine Bcl-2 provoquée par
l’adénovirus a entraîné une augmentation importante de
la fixation de l’ADN tributaire du facteur NFκB et de la
transcription génique dirigée par le facteur NFκB. On
n’a observé aucun changement de la teneur en protéines
du facteur NFκB dans les myocytes qui expriment la
protéine Bcl-2. On a constaté de plus que l’activation du
facteur NFκB provoquée par la protéine Bcl-2 était liée
au changement de l’activité de la protéine IκBα ( i n h i b i-
teur du facteur kappa beta) régulatrice du facteur NFκB .
À cet égard, on a observé une réduction marquée de la
teneur en protéine IκBα dans les myocytes ventricu-
laires qui expriment la protéine Bcl-2. On a établi un lien
entre le mode de régulation de l’IκBα par la protéine
Bcl-2 et la phosphorylation du N-terminal et la dégrada-
tion de l’IκBα par le protéasome puisqu’une forme
mutante de l’IκBα par délétion du N-terminal ou la lac-
tacystine inhibitrice du protéasome a annulé les effets
inhibiteurs de la protéine Bcl-2 sur l’IκBα et a empêché
l’activation du facteur NFκB. De plus, la distribution
provoquée par l’adénovirus d’une forme à phosphoryla-
tion défectueuse de l’IkBa a rendu les myocytes ventric-
ulaires incapables d’activer le facteur NFκB et vul-
nérables à l’apoptose à médiation alpha du facteur de
nécrose des tumeurs. De plus, la fonction anti-apoptose
de la protéine Bcl-2 a été perdue dans les cellules
défectueuses en ce qui concerne l’activation du facteur
N FκB. Les données démontrent l’existence d’un lien
entre la protéine Bcl-2 et la voie de signalisation du fac-
teur NFκB pour la suppression de l’apoptose dans les
myocytes ventriculaires.
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Introduction

A rg u a b l y, one of the most compelling issues to make
an impact on contemporary cardiology to date is pro-
grammed cell death or “apoptosis.” Apoptosis is an
evolutionary conserved event that permits multicellular

o rganisms to selectively discard cells through an intrin-
sic cell suicide program. This is characterized by dis-
tinct morphologic changes typified by DNA f r a g m e n-
tation and cell shrinkage without the loss of membrane
i n t e g r i t y.1 I m p o r t a n t l y, apoptosis can be influenced by
internal as well as external cues that promote the
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Background: apoptosis and the cardiac myocyte

One of the most intriguing and perplexing issues to impact on con-
temporary cardiology to date is the limited ability of heart muscle
to repair itself after injury. In contrast to other cells of the body,
which retain a regenerative potential and ability to multiply and
divide, cardiac muscle cells inherently lose this property shortly
after birth. This has significant consequence for patients who have
s u ffered a heart attack or other forms of myocardial cell injury,
since the heart cells once damaged do not actively repair them-
selves and are instead replaced by scar tissue. Undoubtedly,
myocardial cell loss will immediately impair contractility and the
ability of the heart to pump blood commensurate with the body’s
d e m a n d s .

Recently, programmed cell death or “apoptosis” has been
described as a pathophysiologic process that is essential for the
removal of unwanted or damaged cells from the body. In this
report, new, exciting information is provided regarding the mol-
ecular signalling pathways that underlie apoptosis in the heart.
Using the tools of molecular genetics, the author identifies a
new signalling pathway for the anti-apoptotic factor Bcl-2 in the
heart. He shows that Bcl-2 turns on a transcription factor called
nuclear factor kappa beta (NFκB) recently attributed with anti-
apoptotic properties. Furthermore, he demonstrates that activation of this factor can play a crucial role in
suppressing apoptosis in the heart. This may have direct therapeutic implications for preventing cell death
in pathologic states such as cardiac hypertrophy and failure.

Apoptosis of neonatal ventricular
myocytes. Nucleosomal DNA frag-
mentation of ventricular myocytes
was detected by immunofluorescence
microscopy using terminal deoxynu-
cleotide nick-end labelling (TUNEL
method) to detect fragmented DNA
( g r e e n ) .

Abbreviations used in this article

B c l - 2 — B-cell lymphoma gene
N FκB —Nuclear factor kappa beta
IκBα — Inhibitor of kappa beta
Lactacystin — A chemical inhibitor of the protea-
s o m e
T N Fα — Tumour necrosis factor alpha
Rel homologue — The name of a gene that encodes
stringent factor 
p50Kd — 50 kilodalton subunit of NFκB
p 6 5 K d / R e l A — 65 kilodalton subunit of NFκB

c e d - 3, c e d - 4, c e d - 9 — C a e n o rhabditis elegans
death genes
B c l - 2. xL, W— B-cell lymphoma gene, long form B f l -
1 member of the Bcl-2 family
Mcl-1 member of the Bcl-2 family
Bax, Bak, Bad, Bid, Bin, Bik, BokS, Hrk (all mem-
bers of the Bcl-2 family that promote cell death)
BH — Bcl homology 
∆ ψm — Mitochondrial membrane potential
Ras/PI-3K/Akt — Ras-oncogene, phosphoinosital-3
kinase, protein kinase B
FLAG — a synthetic sequence tag to identify proteins



removal of cells that were inappropriately produced
during embryogenesis2 , 3 or cells that have become
genetically unstable.4 – 6 Despite the beneficial eff e c t s ,
there is increasing awareness that defects in regulatory
pathways that govern apoptosis may contribute to var-
ious disorders including cancer, A l z h e i m e r’s disease,
P a r k i n s o n ’s disease and Huntington’s disease.5 , 7

Central to this issue is the recent suggestion that apop-
tosis may also play a role in cardiovascular disease. In
this regard, apoptosis has been documented in the
myocardium in a number of clinically important states
including hypoxia,8 , 9 ischemia followed by reperfusion,
myocardial infarction,1 0 and, more recently, in patients
with end-stage heart failure.11 , 1 2 Apoptosis has also been
detected in atherosclerotic lesions.1 3

Although apoptosis has been documented in diff e r-
ent cardiac conditions, its significance is undeter-
mined. However, since ventricular myocytes are ter-
minally differentiated and have exited from the cell
cycle, the loss of potentially viable cardiac cells
through an apoptotic process may profoundly influ-
ence cardiac structure and function, given the lack of
de novo myocyte regeneration and the limited regen-
erative ability of heart muscle. This point becomes
particularly important during conditions of increased
hemodynamic loading such as that imposed by
hypertension or cell loss due to infarction.
Maladaptive or excessive cell loss may be critically
linked to the compensatory remodelling process that
occurs during heart hypertrophy and heart failure
after injury. Though of considerable scientific and
clinical interest, little is known of the molecular
events that govern apoptosis in cardiac muscle cells.
Abetter understanding of the cellular factors and sig-
nalling pathways that regulate apoptotic cell death in
the heart would contribute significantly to the long-
term goal of developing therapeutic interventions to
suppress aberrant apoptotic cell death after myocar-
dial injury. To this end, our laboratory has focused on
studying putative regulators of apoptosis in the heart
with the future objective of modulating these to abro-
gate aberrant myocardial cell death. 

NF B signalling pathway

Though the molecular events that govern apoptosis in
cardiac muscle cells are poorly understood, there is

increasing awareness that apoptosis is a highly regu-
lated process involving the precise coordination of
genes that promote or prevent the process. Recent
evidence suggests that cellular factors, including
N FκB, may play a fundamental role in apoptosis by
directly modulating the activity of key anti-apoptotic
genes to suppress apoptosis. NFκB was first identi-
fied as a key regulatory molecule necessary for the
activation of B-lymphocyte gene transcription.1 4 It is
now widely appreciated that NFκB is a ubiquitously
expressed transcription factor involved in activating
genes associated with the immune system, inflamma-
tion, cell adhesion, viral gene transcription and
recently anti-apoptosis.1 5 , 1 6 N FκB belongs to a family
of highly conserved transcription factors with Rel
h o m o l o g y, which include Rel-A, c-Rel, v-Rel and
D ro s o p h i l i a d o r s a l proteins. The predominant form
of NFκB exists in mammalian cells and binds to
D N A as a heterodimeric complex of p50Kd and
p 6 5 K d / R e l A protein subunits.1 7 – 1 9 The p65 subunit is
the transcriptionally active component of the p65/p50
N FκB complex necessary for gene transcription.2 0 I n
contrast to other transcription factors that readily
localize to the nucleus of the cell, NFκB is
sequestered as an inactive complex in the cytoplasm
by the IκBα p r o t e i n .2 1 , 2 2 The interaction of NFκB with
IκBα2 2 – 2 4 prevents NFκB from translocating to the
nucleus under basal conditions. NFκB activity can be
induced in ventricular myocytes by cytokines,
including interleukin-1 and T N Fα,2 5 – 2 7 as well as
other agents. Recently, an anti-apoptotic function for
N FκB has been described.1 6 , 2 8 , 2 9 This is supported by
gene knockout studies in which loss of the p65 sub-
unit of NFκB was embryonically lethal.3 0

P r e s u m a b l y, the embryos die from excessive apopto-
sis, suggesting that NFκB is crucial for regulating
apoptosis during embryonic development.3 0

The mechanism by which biologic signals activate
N FκB in vivo remains poorly defined. Recent studies
suggest that NFκB activation requires the phospho-
rylation and degradation of IκBα.25,27 Inducible degra-
dation of IκBα permits NFκB to translocate to the
nucleus and affect gene transcription.1 4 , 2 4 , 3 1 The N-ter-
minal domain of IκBα represents an important site of
regulation. In particular, studies of mutagenesis have
revealed that the conserved serine residues at posi-
tions 32 and 36 of IκBα are necessary and suff i c i e n t
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for signal-induced phosphorylation.3 2 O s t e n s i b l y, the
phosphorylation of these specific residues initiates
the ubiquitination of IκBα followed by its degrada-
tion by the 26S proteasome.3 3 Deletion of the N-ter-
minus or substitution of the critical serine residues
within the N-terminal domain render the IκBα m o l e-
cule defective for phosphorylation and degradation.
Therefore, regulation of IκBα through phosphoryla-
tion represents a crucial point in the activation of
N FκB, important for regulating cellular activities
including apoptosis.3 4

Regulation of apoptosis: the Bcl-2 family

Much of our understanding of the mechanisms that
regulate apoptosis in mammalian cells stems from the
discovery of ced-3, ced-4 a n d c e d -9 in the nematode
C a e n o rhabditis elegans.3 5 , 3 6 Genetic studies identified
that the c e d - 3 and c e d - 4 gene products encode pro-
teins that are crucial for initiating apoptosis, whereas
the c e d - 9 gene product encodes proteins that prevent
cell death.3 7 Using this approach, researchers postulat-
ed that coordinated and timed expression of these fac-
tors is essential for normal worm development.3 5

I m p o r t a n t l y, the mammalian homologue to the C. ele -
g a n s c e d - 9 gene includes the B c l - 2 gene product.3 5 , 3 8

Of historical note, the B c l - 2 gene was first identified
as a translocation break-point mutation (t14:18) in
human B-cell lymphoma,3 9 – 4 1 with cells derived from
these tumours being resistant to pro-apoptotic signals.
In gain-of-function studies, Bcl-2 protected cells from
a variety of death-promoting signals, supporting the
notion that Bcl-2 functions as an anti-apoptotic factor.
It is now understood that Bcl-2 belongs to a large fam-
ily of homologous proteins that can either promote or
suppress apoptosis. Examples of Bcl-2 family mem-
bers that prevent cell death include Bcl-2, BclxL, Bcl-
W, Bfl-1, Mcl-1 and A 1 ,4 2 , 4 3 whereas those that pro-
mote cell death include Bax, Bak, Bad, Bid, Bim, Bik,
Bok and Hrk.4 4 – 4 7 Structural analysis studies have
identified 4 key domains that are conserved among
the Bcl-2 family proteins, referred to as BH domains.4 8

Though the majority of the Bcl-2 family members
share sequence conservation at the C-terminal trans-
membrane domain, variable homology exists between
domains BH1 to BH4, suggesting that these diff e r-
ences may account for a given Bcl-2 family member

to promote or prevent cell death. The BH1, BH2, BH3
domains are common to most Bcl-2 proteins includ-
ing the death-promoting factors Bax, Bak and Bok.4 9 – 5 1

A subgroup of death factors based on the presence of
only the small BH3 domain has also been identified
and includes Bid, Bad, BNIP3 and EGL-1. Since the
conserved N-terminal amphipathic BH4 domain is
restricted to those Bcl-2 family members with anti-
apoptotic properties, it appears that this domain may
be crucial for preventing apoptosis. This is supported
by studies in which deletion of this region renders
Bcl-2 defective for suppressing apoptosis.4 9 , 5 0 , 5 2 , 5 3

Crystallographic analysis of Bcl-2 family proteins has
revealed a hydrophobic cleft between the BH1, BH2
and BH3 domains that serves as a docking site for
Bcl-2 family members.4 8 An early model proposed
that the physical interaction of death promoting fac-
tors such as Bax with Bcl-2 would provoke apoptosis
by titrating out the cellular pool of available life-
promoting Bcl-2 proteins.4 2 , 5 4 Therefore, a dispropor-
tionate ratio of cell death to cell life factors could ulti-
mately determine whether the cell would live or die.
H o w e v e r, the limited ability to actively detect Bcl-2-
Bax complexes in cells coupled with the Bcl-2’s abil-
ity to prevent apoptosis independent of its presumed
ability to dimerize with the pro-apoptotic factors Bax,
Bak or Bad5 0 has brought into question the relative
importance of this model. This suggests that Bcl-2
may avert apoptosis by another mechanism. 

I n t e r e s t i n g l y, the BH1 and BH2 domains of Bcl-2
proteins can form conductance ion channels in syn-
thetic membranes, raising the possibility that these
proteins may influence apoptosis by regulating ion
fluxes in vital organelles such as mitochondria.4 4 , 5 5

Furthermore, perturbations to mitochondria resulting
in the collapse of ∆ Ψm have been proposed as a crucial
event in the mitochondrial-death pathway. Loss of
∆ Ψm is thought to occur from the formation of the per-
meability transition pore, a large multiprotein complex
comprising, in part, the adenine nucleotide transloca-
t o r, porin/voltage dependent anion channel in the
mitochondrial inner and outer membranes that can
increase permeability of mitochondria in response to
pro-apoptotic signals.56,57 The fact that Bcl-2 can delay
or prevent apoptosis by a diverse number of death-pro-
moting signals suggests that it impinges on one or
more signalling factors that lead to cell death. In this
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regard, Bcl-2 has been reported to interact with cellu-
lar factors including Raf-1.5 1 , 5 8 – 6 0 The fact that Raf-1 is
activated as part of the Ras/PI-3K/Akt signalling path-
w a y, recently ascribed to mediate life-promoting anti-
apoptotic signals,6 1 , 6 2 raises the interesting possibility
that Bcl-2 may intersect this pathway and modulate
key proteins in the apoptotic pathway.6 3 Since it has
been suggested that NFκB plays a beneficent role in
preventing apoptosis provoked under certain condi-
tions, my group investigated whether Bcl-2 modulates
the activity of NFκB in neonatal ventricular myocytes.

Methods

Cell culture and transfection 

Postnatal ventricular myocytes were isolated from 2-
day old Sprague–Dawley rat hearts and submitted to
primary culture as reported earlier.6 4 Cells were main-
tained overnight in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s nutrient mixture F-12,
(DF) 1:1, containing 10% fetal bovine serum (FBS)
and then transferred to serum-free DMEM. Myocyte
cultures were infected with 20 plaque-forming units
per cell of recombinant adenovirus encoding the
human B c l - 2 c - D N A for 4 hours. Myocytes were
transfected immediately after removal of viral stocks
with luciferase reporter plasmids. The myocytes were
stimulated with 10 ng/mL of human recombinant
T N Fα for 24 hours (R & D systems). Human embry-
onic kidney 293 cells, (American Type Culture
Collection, Rockville, Md.) were maintained in
DMEM containing 10% fetal bovine serum (Gibco
B R L ) .6 5 For transfection experiments in 293 cells,
cells were incubated in DMEM containing Superfect
( Q i a g e n , Santa Clara, Calif.) and eukaryotic expres-
sion vectors for Bcl-2 (CMV B c l - 2 )6 6 and epitope-
FLAG-tagged derivatives of wild type IκBα, N-ter-
minal deletion mutant, or a serine to alanine substitu-
tion mutant at amino acids 32 and 36 respectively
(kindly provided by D. Ballard). 

Western blot analysis

Cell lysate derived from either cardiac myocytes or
293 cells, or both, were harvested in NP-40, contain-
ing, 150 mmol NaCl, 50 mmol TRIS-HCl (NP40

b u ffer). Cell lysates were subjected to Western blot
analysis and probed with antibodies directed toward
the p65 subunit of NFκB, IκBα and Bcl-2 proteins
r e s p e c t i v e l y.

Electromobility gel shift assay 

Nuclear extracts of cardiac myocytes were prepared
and were analysed by electromobilityshift analysis for
N FκB using a duplex oliogonucleotide probe labelled
with phosphorus 32 containing NFκB consensus 
binding sites A G T T G A G G G G A C T T T C G C A G G C .
N u c l e a r-protein complexes were resolved on a native
5% polyacrylamide gel in T R I S - b o r a t e - E D TApH 8.0
and detected by autoradiography. 

Assays of apoptosis 

Cardiac nuclear morphologic features and DNAf r a g-
mentation were determined by counter staining
myocytes with Hoechst 33258 dye (Sigma Chemical
Co., St. Louis, Mo.) for nuclear DNA as previously
d e s c r i b e d .6 5 Replicate cultures using 200 or more
cells for each condition were calculated. Genomic
D N A was isolated from ventricular myocytes for
nucleosomal DNA fragmentation by gel elec-
trophoresis as described earlier.6 5

Results and discussion

P r e v i o u s l y, my group reported that adenovirus-
mediated delivery of Bcl-2 was sufficient to prevent
apoptosis of neonatal and adult ventricular myocytes,
establishing that Bcl-2 can operate as an anti-
apoptotic factor in the heart.6 4 , 6 7 To elucidate whether
external signals result in the activation of NFκB in
ventricular myocytes, myocytes were monitored for
N FκB activity. In this regard, a greater than twofold
induction of NFκB activity was observed in ventric-
ular myocytes in the presence of T N Fα , a known
trigger of NFκB. Interestingly, a similar increase in
N FκB activity was observed in ventricular myocytes
expressing the B c l - 2 gene. In addition, a significant
increase in NFκB-dependent DNA binding was
observed in cells treated with T N Fα, verifying that
ventricular myocytes are functionally coupled to bio-
logical signals that lead to NFκB activation.6 8
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I n t e r e s t i n g l y, stimulation of myocytes with
T N Fα did not provoke apoptosis of ventricular
myocytes as indicated by Hoescht 33258 staining.
In contrast, the combination of T N Fα and the pro-
tein synthesis inhibitor cycloheximide resulted in a
significant increase in apoptosis as illustrated by
increased chromatin condensation by Hoechst
33258 staining and nucleosomal DNA l a d d e r i n g .
Expression of Bcl-2 in ventricular myocytes
reduced the incidence of cell death triggered by
T N Fα and cycloheximide. 6 8

The fact that T N Fα only provoked apoptosis of
ventricular myocytes in the presence of cyclohex-
imide implies that certain life-promoting genes are
required to abrogate the otherwise cytotoxic actions of
T N Fα. NFκB has been suggested as a key factor in
suppressing apoptosis triggered by a variety of death-
promoting signals including T N Fα .2 8 , 3 0 Because Bcl-2
is known to modulate the activity of certain cellular
factors in the apoptotic pathway, we ascertained
whether Bcl-2 might activate NFκB in ventricular
myocytes. Adenovirus-mediated gene transfer of Bcl-
2 to ventricular myocytes, resulted in a significant
increase in nuclear DNAbinding activity of NFκB as
indicated by electromobility shift analysis. Sur-
p r i s i n g l y, no change in NFκB protein content was
detected in ventricular myocytes expressing Bcl-2
proteins, suggesting that Bcl-2 may lead to the activa-
tion of NFκB through an indirect pathway. Since
N FκB is regulated by the inhibitor protein IκBα, we
determined whether the observed increase in NFκB
activity in the presence of Bcl-2 was related to an
altered expression of IκBα. In contrast to control
cells, Western blot analysis indicated that total IκBα
protein content was markedly reduced in ventricular
myocytes expressing Bcl-2, suggesting that the in-
creased NFκB activity in ventricular myocytes ex-
pressing Bcl-2 may be linked to inactivation of IκBα. 

Since the N-terminus of IκBα is necessary and suf-
ficient for signal-induced phosphorylation and degra-
dation by agents that activate NFκB ,6 5 we postulated
that it may also serve as a target for Bcl-2. For these
experiments we utilized IκBα D N A constructs con-
taining mutations in the N-terminus of IκBα k n o w n
to render IκBα resistant to signal-induced phospho-
rylation and degradation. 

In contrast to wild type IκBα protein, no apparent

reduction in the levels of either an N-terminal dele-
tion mutant or serine to alanine point substitution
mutant of IκBα was observed in the presence of Bcl-
2. These findings suggest that the N-terminus of
IκBα may be the site by which Bcl-2 targets the
degradation of IκBα .6 5

Next we tested the functional significance of our
observations by determining whether a block to
N FκB activation would impair Bcl-2’s ability to res-
cue T N Fα-mediated apoptosis. For these experiments
we generated a recombinant adenovirus encoding a
phosphosphorylation mutant of IκBα that renders
IκBα defective for phosphorylation and degradation.
In the presence of the IκBα mutant protein, Bcl-2’s
ability to suppress apoptosis mediated by T N Fα p l u s
cycloheximide was lost, substantiating the need for a
functional NFκB signalling pathway for the suppres-
sion of apoptosis in ventricular myocytes.

We believe the data presented, under the conditions
tested, provides compelling evidence to link Bcl-2
to the NFκB signalling pathway for the suppression
of apoptosis in ventricular myocytes (Fig. 1).
Furthermore, our data indicate that Bcl-2 activates
N FκB through a mechanism that involves the phos-
phorylation and subsequent degradation of IκBα
through the proteasome. Our future investigations are
directed toward understanding the involvement of
Bcl-2 proteins and the NFκB signalling pathway for
the suppression of apoptosis during load-induced
hypertrophy and heart failure.
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Fig. 1: The activation of NFkB (nuclear factor kappa
beta) in ventricular myocytes by Bcl-2 (B-cell lym-
phoma). Bcl-2 activates NFkB through a mechanism
that involves the N-terminal phosphorylation and
degradation of IkBa (inhibitor of kappa beta) by the pro-
teasome. This permits NFkB to translocate to the nucle-
us and activate downstream expression necessary to
suppress apoptosis.
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