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Aims The caspases are thought to be central mediators of the apoptotic program, but recent data indicate that apoptosis
may also be mediated by caspase-independent mechanisms such as apoptosis-inducing factor (AIF). The role of AIF-
induced apoptosis in heart, however, is currently not well understood. The aim of this study was to investigate the
presence of and conditions for AIF-induced cardiac apoptosis in vitro.

Methods
and results

Hypertrophic cardiomyocyte (H-CM) cultures were prepared from the hearts of Dahl salt-sensitive rats fed a high
salt diet. Apoptotic stimulation induced by hypoxia/reoxygenation or staurosporine (1 mM) enhanced AIF release
in H-CMs compared with non-hypertrophic cardiomyocytes (N-CMs). Caspase inhibition using zVAD.fmk
(25 mM) or overexpression of CrmA using recombinant adenovirus only partially protected N-CMs from apoptosis
(63+ 0.93%) and provided no significant protection against apoptosis in hypertrophic cells (23+1.03%). On the
other hand, poly-ADP-ribose polymerase inhibition using 4-AN (20 mM) during apoptotic stimulation blocked the
release of AIF from mitochondria and significantly improved cell viability in hypertrophied cardiomyocytes
(74+ 1.18%).

Conclusion A caspase-dependent, apoptotic pathway is important for N-CM death, whereas a caspase-independent,
AIF-mediated pathway plays a critical role in H-CMs.
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1. Introduction
Apoptosis, or programmed cell death, plays an important role in
cardiovascular disease.1– 3 Although the caspases are thought to
be central elements in the apoptotic programme, recent data indi-
cate that apoptosis may also be mediated by caspase-independent
mechanisms involving pro-apoptotic mitochondrial factors, such as
apoptosis-inducing factor (AIF).4 –9 AIF, an NADH-oxidase, is pro-
duced as a 67 kDa precursor protein containing an N-terminal
mitochondrial localization sequence.10– 12 Cell-free system exper-
iments have shown that AIF is released from mitochondria and
translocates to the nucleus, where it induces chromatin conden-
sation and DNA cleavage.10 Knockout of AIF in the mouse is
lethal before birth, and AIF-deficient embryonic stem (ES) cells

are relatively resistant to apoptosis induced by serum deprivation
compared with wild-type ES cells.9 AIF-induced apoptosis, there-
fore, appears to play a role during development. In heart, exposing
in vitro cardiomyocytes to oxidant stress (e.g. hydrogen peroxide)
releases both AIF and cytochrome c from the mitochondria,13

which indicates that both caspase-independent and -dependent
apoptotic pathways are activated. AIF-induced apoptosis has also
been demonstrated in ischaemia/reperfusion-induced myocardial
injury and transverse aortic constriction-induced heart failure
in vivo.13– 15 Even so, the significance of AIF-induced apoptosis in
heart is poorly understood at this time.

Cardiac hypertrophy is a complex and heterogeneous response
to specific hypertrophic stimuli characterized by an increase in car-
diomyocyte size. In various human and animal models of heart
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failure, the evidence suggests that the transition from pathological
hypertrophy to heart failure may involve an increase in cardiac
apoptosis.16 Studies by our laboratory and other investigators
also suggest that the pathologically hypertrophic heart may be
more sensitive to apoptotic stimulation.17– 20 In this regard, we
previously showed that pathological hypertrophy is characterized
by significant alterations in genes involved in the apoptosis
pathway.20 This suggests the presence of a milieu promoting apop-
tosis in hypertrophic cardiomyocytes (H-CMs). It also suggests that
an increased propensity to undergo apoptosis may play a role
during the transition to heart failure.19,20 We have recently demon-
strated the activation of caspase-independent apoptosis, particu-
larly AIF-induced apoptosis, in H-CMs.21 However, the
association between apoptosis, especially AIF-induced apoptosis,
and cardiac hypertrophy is yet to be clarified. In this study, we
investigate the molecular mechanism and potential role of
caspase-independent apoptosis in both H-CMs and non-
hypertrophic cardiomyocytes (N-CMs). We hypothesize that AIF
is an important mediator of apoptosis in heart, particularly in
H-CMs.

2. Methods

2.1 Generation of hypertrophic and
non-hypertrophic adult cardiomyocyte
cultures
Pathological cardiac hypertrophy was generated in female Dahl salt-
sensitive (DSS) rats (Harlan Sprague Dawley, Indianapolis, IN, USA)
as described previously.20 We have previously published extensively
using DSS rat models, including utilizing H-CM culture.19 Normal car-
diomyocyte and hypertrophied cardiomyocyte cultures were prepared
from the hearts of DSS rats according to a previously published pro-
tocol.19 A detailed method is provided in the Supplementary material
online, Methods. The investigations conform with the Guide for the
Care and Use of Laboratory Animals (NIH publication no. 85-23,
1996) and were approved by the Institutional Animal Care and Use
Committee at Beth Israel Deaconess Medical Center.

2.2 Induction of apoptosis and analysis of cell
viability and apoptosis
Apoptosis was induced by adding staurosporine (1 mM) to cell cultures
or by hypoxia/reoxygenation (H/R), and apoptosis was quantified by
annexin V staining as described previously.19,22 Cell viability was
determined using propidium iodide exclusion and MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] assay. Meth-
odological details and the sources for antibodies and chemicals are
provided in the Supplementary material online, Methods.

2.3 Caspase inhibition using recombinant
adenovirus
Recombinant adenovirus expressing CrmA (AdCrmA) was used as
described previously.23 The cytokine response modifier (CrmA), a
38 kDa protein, is a selective inhibitor of Group I and most Group
III caspases, and achieves its anti-apoptotic activity by inhibiting a
group of proteolytic enzymes involved in regulating cell death by apop-
tosis. CrmA has been shown to be an anti-apoptotic factor in ventri-
cular myocytes during prolonged hypoxia.23 Briefly, 24 h after
myocyte isolation, cells were infected with AdCrmA virus for 4 h,

the viral suspension was removed, and cells incubated for an additional
20 h before experimentation. Adenovirus expressing nuclear lacZ was
used as a control infection. We used the titre of 100 multiplication of
infection (m.o.i.), which resulted in .80% infection efficiency.

2.4 Subcellular fractionation and
immunoblot
Subcellular fractionations were obtained according to the previously
published protocol.22,24 Details of the subcellular fraction method
are provided in the Supplementary material online, Methods.

2.5 Caspase and poly-ADP-ribose
polymerase activity assays
Cell-free caspase and poly-ADP-ribose polymerase (PARP) activity
was measured according to the published protocol.19 A detailed
method is provided in the Supplementary material online, Methods.

2.6 Statistics
Data are expressed as mean+ SEM of from four to six independent
myocyte cultures. Statistical analyses between two groups and
among the groups were performed with an unpaired Student’s t-test
and ANOVA with the Bonferroni method, respectively. Probability
(P) values of ,0.05 were considered significant.

3. Results

3.1 N-CM and H-CM cultures and their
stability
To demonstrate the stability of N-CMs and H-CMs in culture, we
analysed the decline of cell viability under normoxic conditions
(see Supplementary material online, Figure S1A). There was a
stable and similar cell loss of ,10% over 8 days in N-CM and
H-CM cultures. In addition, to confirm that H-CMs remain hyper-
trophic, we analysed cell size in adult cardiomyocytes obtained on
the day of isolation (day 1) or day 6 (Figure 1A and B). H-CMs were
significantly larger (71%) than N-CMs on day 1 and remained sig-
nificantly hypertrophic (43% larger) on day 6. Next, to demon-
strate that H-CMs maintain the biochemical signature of
hypertrophy, we measured atrial natriuretic factor (ANF) and
brain natriuretic peptic (BNP) expression levels, which are well-
established markers for hypertrophy (Figure 1C and D). Both
markers were significantly activated at days 1 and 6 in H-CMs,
but barely detectable in N-CMs. In addition, stability with
respect to AIF and cytochrome c release was assessed at 0, 6,
12, and 24 h by western blot. There was no cytosolic release of
AIF or cytochrome c in the absence of apoptotic induction in
either H-CMs or N-CMs (see Supplementary material online,
Figure S1B and C).

3.2 Apoptosis in H-CMs is induced
predominately through AIF
To examine apoptotic mechanisms, we first studied the activation
of cytochrome c and AIF by two apoptotic stimuli: H/R and staur-
osporine (1 mM). Our previous study showed that cytochrome c
activation peaked in N-CMs after 6 h of hypoxia followed by 6 h
of reoxygenation (6H/6R).22 On the basis of this observation, we
tested the following H/R conditions: 6H/6R, 6H/9R, 6H/12R, and
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12H/12R. In N-CMs, cytochrome c release was evident after 6H/
6R (Figure 2A), at which time cytosolic AIF was barely detectable.
Cytosolic AIF increased with the duration of H/R and peaked at
12H/12R, whereas mitochondrial AIF decreased correspondingly
over the durations tested (Figure 2A and B). There was a signifi-
cantly greater release of AIF from the mitochondria in H-CMs
exposed to the same apoptotic stimuli, which reached a 2.1-fold
greater increase compared with N-CMs after 12H/12R (Figure 2C
and D). To confirm that the degree of release of AIF from mito-
chondria is greater in H-CMs, we also examined cytosolic AIF
from H-CMs and N-CMs on the same blot (see Supplementary
material online, Figure S2A and B). These data confirm that
H-CMs respond to H/R with a more prominent activation of AIF
release.

We also examined caspase activation using H/R as a hyper-
trophic stimulus. Although a significant increase in caspase-3-like
activities was observed after 6H/9R in N-CMs, no H/R condition
activated caspase-3-like activities in H-CMs (Figure 2E). Examining
earlier time points, such as 0H/0R, 6H/0R, and 6H/3R, also failed
to reveal activated caspase-3-like activities in H-CMs. These find-
ings suggest that H/R-induced apoptosis in H-CMs may not be a
caspase-mediated process. H/R also decreased cell viability in
both H-CMs and N-CMs with a significantly greater reduction in
hypertrophic cells (Figure 2F), suggesting that AIF-induced apopto-
sis is more prominent in H-CMs.

We next used staurosporine to assess whether the increased
activation of AIF in H-CMs is specific to H/R or is sensitive to
other apoptotic stimulations as well. In N-CMs, exposure to staur-
osporine resulted in a release of cytochrome c at 6 h that did not

increase with further exposure (see Supplementary material
online, Figure S3A and B). There was a delayed AIF release observed
after 24 h in both N-CMs (Figure 3A and B) and H-CMs (Figure 3C
and D). Although there was a significant activation of caspase-3-like
activities that peaked at 9 h in N-CMs, H-CMs did not show any
significant activation of caspase-3-like activities (Figure 3E). Finally,
like H/R, staurosporine treatment significantly decreased cell viabi-
lity (Figure 3F), with H-CMs showing a significantly greater
reduction than N-CMs.

3.3 Caspase inhibition has no effect on
the activation of AIF-induced apoptosis
in H-CMs
To further investigate the role of caspase, we examined the effect
of apoptotic stimulation in the setting of caspase inhibition
achieved by pre-treatment with zVAD.fmk, a broad-spectrum
caspase inhibitor, or by overexpression of CrmA using recombi-
nant adenovirus. CrmA has been shown to inhibit various caspases
efficiently with an especially high predilection for caspase-3 and
caspase-8.23 The results indicate that both zVAD.fmk pre-
treatment and AdCrmA overexpression efficiently block the
caspase-3-like activities induced by H/R and staurosporine in
N-CMs compared with the AdLacZ controls (Figure 4A). In
addition, caspase inhibition significantly attenuates the loss of cell
viability caused by staurosporine treatment in N-CMs, although it
did not restore viability to the baseline level. In direct contrast,
caspase inhibition had no effect on the loss of cell viability after
staurosporine in H-CMs (Figure 4B). This result is consonant with

Figure 1 Adult rat N-CM and H-CM cultures and their stability. (A) Morphology of H-CMs and N-CMs at days 1 and 6. (B) Quantitative
analysis of cardiomyocyte size at days 1 and 6. n ¼ 6. *P , 0.05. (C) PCR analysis of hypertrophic markers, ANF and BNP, at days 1, 3, and
6 in H-CMs and N-CMs. 18S was used as an internal control. (D) Quantitative analysis of ANF (left panel) and BNP (right panel) at days 1,
3, and 6 in H-CMs and N-CMs. n ¼ 6.
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the fact, as noted earlier, that caspases were not activated in
H-CMs by H/R or staurosporine simulation (Figures 2E and 3E).
These findings strongly suggest that it is AIF-induced apoptosis,
and not caspase-dependent apoptosis (as implied by cytochrome
c release), which is the more important factor in determining cell
viability after apoptotic stimulation in H-CMs.

We next investigated the effect of caspase inhibition on AIF
release from mitochondria after apoptotic stimulation. Neither
mechanism of caspase inhibition, zVAD.fmk or AdCrmA, affected

AIF release in either N-CMs (Figure 4C) or H-CMs (Figure 4D).
Caspase inhibition also had no significant effect on the release of
cytochrome c from mitochondria, which supports the notion that
cytochrome c release is upstream of caspase activation, and consist-
ent with our previous findings.22 Western blot analysis showed that
the slight increase in cytochrome c in N-CMs after caspase inhibition
was not statistically significant (see Supplementary material online,
Figure S4A). These data indicate that in H-CMs, the dominant apop-
totic mechanism involves AIF rather than caspases.

Figure 2 Time course of AIF and cytochrome c release from mitochondria in N-CMs and H-CMs after H/R. Western blot analysis of sub-
cellular fractions in N-CMs (A) and H-CMs (C) after different H/R conditions. To confirm the absence of significant contamination in subcellular
fractions, we probed for COX IV and a-tubulin, which are internal controls for mitochondrial and cytosolic fractions, respectively. Quantitative
analysis of mitochondrial and cytosolic AIF levels after different H/R conditions in N-CMs (B) and H-CMs (D). Cytosolic and mitochondrial AIF
levels were normalized to a-tubulin and COX IV levels, respectively. n ¼ 4, *P , 0.05 compared with the control. (E) Quantitative analysis of
caspase-3-like activities in N-CMs (closed triangle) and H-CMs (closed circle) after different H/R conditions. Caspase-3-like activities were
measured using the specific caspase substrate DEVD-pNa. OD, optical density. n ¼ 6. *P , 0.05. (F ) Quantitative analysis of cell viability
after H/R in N-CMs (dark shaded) and H-CMs (light shaded). n ¼ 6, *P , 0.05.
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3.4 Concurrent inhibition of caspase and
PARP-1 results in a more complete
inhibition of apoptosis in both N-CMs
and H-CMs
PARP-1 is an important regulator of AIF release in various cell
types and has been shown to be a potentially important modulator
of apoptosis in heart.25 Since AIF-induced apoptosis is predomi-
nant in H-CMs, we examined (i) PARP activation and (ii) the
effect of PARP inhibition on the response to apoptotic stimuli.
We found that apoptotic stimulation (12H/12R or 24 h of stauros-
porine) activated PARP in both N-CMs and H-CMs (Figure 5A). To

confirm that PARP-1 activation is necessary for AIF release, we
used a potent PARP inhibitor, 4-AN, which has been shown to
inhibit PARP activation during cerebral ischaemia/perfusion.26,27

A significant reduction of AIF release was observed with 4-AN pre-
treatment in both types of cardiomyocyte (Figure 5B) after H/R,
suggesting that the release of AIF in cardiomyocytes is regulated
by PARP. Neither 4-AN nor vehicle effected AIF release in
either type of cardiomyocyte without an apoptotic stimulus (see
Supplementary material online, Figure S4B).

We also examined the effect of PARP inhibition on cell viability
and apoptosis after 12H/12R. In N-CMs, there was a significant but
only partial improvement in overall cell viability with either

Figure 3 Time course of AIF and cytochrome c release from mitochondria in N-CMs and H-CMs after staurosporine treatment. Western
blot analysis of subcellular fractions in N-CMs (A) and H-CMs (B) after staurosporine treatment. Quantitative analysis of mitochondrial and
cytosolic AIF after staurosporine treatment in N-CMs (C ) and H-CMs (D). Cytosolic and mitochondrial AIF levels were normalized to
a-tubulin and COX IV levels, respectively. n ¼ 4, *P , 0.05 compared with the control. (E) Quantitative analysis of caspase-3-like activities
in N-CMs (closed triangle) and H-CMs (closed circle) after staurosporine treatment. Caspase-3-like activities were measured using the specific
caspase substrate DEVD-pNa. n ¼ 6. *P , 0.05. (F) Quantitative analysis of cell viability after staurosporine treatment in N-CMs (dark shaded)
and H-CMs (light shaded). n ¼ 6, *P , 0.05.
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zVAD.fmk [62.34+0.93%, P , 0.05 (H/R, 38.12+0.53%)] or
4-AN (PARP, and therefore AIF, inhibition) pre-treatment
(47.89+0.98%, P , 0.05) (Figure 5C). However, concurrent inhi-
bition with both 25 mM zVAD.fmk and 20 mM 4-AN resulted in
an additive and more complete inhibition of apoptosis and

significantly improved cell viability (79.92+ 0.33%, P , 0.05). In
H-CMs, inhibiting caspase with zVAD.fmk did not improve cell via-
bility (23+ 1.03%), but inhibiting AIF activation by pre-treatment
with 4-AN significantly reduced apoptosis and improved overall
cell viability (74+ 1.18%, P , 0.05) (Figure 5C and D). These data

Figure 4 Effect of caspase inhibition on caspase-3-like activities and cell viability in cardiomyocytes after various apoptotic stimuli. (A) Inhi-
bition of caspase-3-like activities induced by H/R and staurosporine using AdCrmA (100 m.o.i.) and zVAD.fmk (25 mM) in N-CMs. Caspase-3-
like activities were measured after 6H/9R or 9 h exposure to staurosporine. (B) Effect of caspase inhibition on cell viability in N-CMs and
H-CMs. Cell viability was assessed by MTT after 24 h exposure to 1 mM staurosporine. n ¼ 6, *P , 0.05. (C, left panel) Western blot analysis
of subcellular fractions in N-CMs with various caspase inhibitions (AdCrmA, 100 m.o.i. and zVAD.fmk, 25 mM) after 12H/12R. (C, right panel)
Quantitative analysis of mitochondrial and cytosolic AIF levels with various caspase inhibitions after H/R in N-CMs. Cytosolic and mitochondrial
AIF levels were normalized to a-tubulin and COX IV levels, respectively. n ¼ 4, *P , 0.05. (D, left panel) Western blot analysis of subcellular
fractions in H-CMs with various caspase inhibitions after H/R. (D, right panel) Quantitative analysis of mitochondrial and cytosolic AIF levels with
various caspase inhibitions after H/R in H-CMs. Cytosolic and mitochondrial AIF levels were normalized to a-tubulin and COX IV levels,
respectively. n ¼ 4, *P , 0.05.
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suggest that apoptosis in H-CMs occurs predominantly through a
caspase-independent, AIF-mediated process.

3.5 H-CMs constitute a milieu that
provokes caspase-independent apoptosis
We have previously found that the heart contains high endogenous
levels of a number of factors known to be involved in
caspase-independent apoptotic pathways; these include AIF,
EndoG, and HtrA2/Omi.21 In order to characterize the increased
AIF-induced apoptosis observed here in H-CMs, we determined
the expression level of other factors known to comprise
caspase-independent, apoptotic pathways. In the whole cell
lysate, hypertrophic heart tissues have increased levels of EndoG
and HrtA2/Omi, as well as pro-apoptotic Bcl-2 family proteins,
such as Bak and Bax. In contrast, the present experiments show
that an anti-apoptotic factor, Bcl-2, a putative regulator of AIF
release from mitochondria, is reduced by 1.5-fold in H-CMs com-
pared with N-CMs (Figure 6A and B). Furthermore, we found that
Hsp70 protein, which prevents the nuclear translocation of cytoso-
lic AIF,28 was significantly down-regulated by 2.5-fold in H-CMs
when compared with N-CMs (Figure 6A and B). Of note, our pre-
vious study in whole heart tissue lysate showed increased cytosolic
AIF as well as increased processed HtrA2 in failing hearts but not in

hearts with physiological or pathological hypertrophy; on the other
hand, EndoG was not altered.21 However, in the present study, we
observed increased EndoG in pure adult cardiomyocyte culture,
which might be the possible effect of various culturing procedures
on H-CMs. Also, it is possible that the difference in whole heart
tissue was not evident because there is a higher level of EndoG
in non-myocytes compared with cardiomyocytes (see Supplemen-
tary material online, Figure S5A). In an additional study, we
observed no significant subcellular translocation of Bax, Bak, and
Bcl-2 proteins at baseline in either N-CMs or H-CMs (see Sup-
plementary material online, Figure S5B). These data suggest that
unlike N-CMs, H-CMs constitute a milieu that is more sensitive
to caspase-independent, apoptotic mechanisms.

4. Discussion
In this study, we found that AIF-induced apoptosis is activated in
cardiomyocytes, especially in H-CMs. In particular, caspase inhi-
bition, either by zVAD.fmk or by overexpression of AdCrmA,
had limited protective effect, suggesting that the mechanism of
apoptosis in H-CMs is predominately caspase-independent. Sup-
porting this notion, we found significant activation of AIF-induced
apoptosis mediated by PARP-1 activation in H-CMs. Moreover,

Figure 5 Effect of PARP inhibition in cardiomyocytes after various apoptotic stimuli. (A) PARP activity in N-CMs (dark shaded) and H-CMs
(light shaded) after different apoptotic stimuli. n ¼ 6, *P , 0.05. (B) Western blot analysis of subcellular fractions in N-CMs (left panel) and
H-CMs (right panel) with PARP inhibition using 4-AN (20 mM) after H/R. (C and D) Quantitative analysis of cell viability (C) and apoptosis
(D) after caspase inhibition (zVAD.fmk, 25 mM), PARP inhibition (4-AN, 20 mM), or both. Cell viability was measured by MTT assay and apop-
tosis was measured using annexin V staining. n ¼ 6, *P , 0.05.
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this is the first report to show that the inhibition of caspase-
independent pathways is more effective than the inhibition of
caspase-dependent pathways in H-CMs. It also implies that the
increased sensitivity to apoptosis in H-CMs may be mediated
by AIF.

The relationship between cardiac hypertrophy and apoptosis is
complex and poorly understood. Our laboratory and other inves-
tigators have previously shown that hypertrophied cardiomyocytes
are more sensitive to apoptotic stimulation and characterized
by alterations in genes that promote apoptosis.17– 20 We thus
speculated that the changes in milieu that promote apoptosis in
H-CMs may play a role during the transition to heart failure. The
present study indicates that H-CMs are more prone to caspase-
independent apoptosis, and provides evidence for the modulation
of factors involved in caspase-independent apoptotic pathways. For
example, we found that Hsp70 is down-regulated in H-CMs. Since
Hsp70 has been reported to block apoptosis by preventing the
nuclear translocation of released AIF in the cytosol,28 this suggests
that hypertrophied cells are at a greater risk of AIF-induced apop-
tosis. In contrast to our finding, a previous study showed that
Hsp70 expression increased in cardiac hypertrophy induced by iso-
proterenol infusion or aortic banding.29 We speculate that the
difference may be related to different cell types and animal
models used, and that such discrepancies perhaps reflect the
complex regulation of apoptosis signalling pathways in different
cell types or tissues. Further studies to elucidate the specific mol-
ecular mechanism involved in the increased propensity of H-CMs
to undergo apoptosis are needed and are currently being con-
ducted in our laboratory.

In our study, we observed the release of cytochrome c without
significant activation of caspase activities in H-CMs. Two mechan-
isms may be responsible for this effect. First, caspase activation may
be a multistep process requiring Apaf-1, pro-caspase-9, and dATP
to form apoptosomes.30 An inability to form the apoptosome
complex because a specific component is lacking may prevent
downstream caspase activation. Secondly, it is possible that
H-CMs possess increased levels of caspase inhibitors. Further

studies are needed to better define this finding in H-CMs. In
fact, although caspase inhibition has been shown to reduce the
acute loss of myocardium in various animal models, other studies
indicate that caspase inhibition alone might not be sufficiently
effective.31 Several studies have shown that even in the presence
of overall caspase inhibitors, such as zVAD.fmk, nuclear DNA frag-
mentation and significant tissue damage are still observed,6,32 since
apoptosis can progress either by caspase-dependent and/or by
caspase-independent mechanisms.9,33 –35 Caspase-independent
pathways, such as those mediated by PARP-1/AIF may contribute
significantly to the induction of cardiac apoptosis, and it is thus
important to better define the role of the caspase-independent
pathway. We previously observed the activation of caspase-
independent events, such as the release of AIF and HtrA2/Omi,
during the end-stage of high salt diet-induced heart failure.21 In
the present study, we observed a substantial release of AIF after
apoptotic stimulation in H-CMs, indicating that the caspase-
independent apoptotic pathway is both predominant and more
critical than the caspase-mediated apoptotic pathway.

AIF and cytochrome c are both important for cell viability when
they are located in mitochondria, but when released from the
mitochondria they activate cell death programmes. Relatively
little, however, is currently known about the release of AIF in
heart. We previously found that caspase-dependent apoptosis, as
determined by the mitochondrial release of cytochrome c, is acti-
vated by 6 h of hypoxia.22 In this study, we found that
caspase-independent apoptosis, as determined by AIF release
into cytosol, is also activated by 6 h of hypoxia, but an extension
of the hypoxic period to 12 h promoted an even greater AIF
release. Similarly, in staurosporine-induced apoptosis, we found
that although the mitochondrial release of cytochrome c did not
significantly increase beyond 6 h, the release of AIF in cytosol
increased with a longer staurosporine incubation. This finding
demonstrates the differences in the time course of caspase-
dependent and -independent apoptosis, and suggests that
caspase-independent apoptosis is activated in prolonged apoptotic
stimulation compared with cytochrome c-mediated apoptosis.

Figure 6 Expression of factors involved in caspase-independent apoptosis. (A) Representative western blots of various endogenous factors
that modulate caspase-independent apoptosis in N-CMs and H-CMs. GAPDH is used as a loading control. (B) Quantitative analysis of these
factors in N-CMs and H-CMs. Protein expressions were normalized to GAPDH expression. n ¼ 4, *P , 0.05.
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We also demonstrated that PARP inhibition is an effective strat-
egy for inhibiting apoptosis by blocking the release of AIF in
H-CMs. PARP is a highly conserved, 116 kDa nuclear enzyme
involved in DNA repair.36 PARP-1 has been shown to facilitate
both the release of AIF from mitochondria and AIF nuclear trans-
location.36,37 Molnar et al.25 demonstrated the activation of PARP
in the failing heart by showing an increased abundance of poly-ADP
ribosylated proteins. We also observed increased PARP activity in
response to apoptotic stimuli in both N-CMs and H-CMs, and
PARP inhibition effectively blocked the release of AIF from mito-
chondria. This finding suggests that AIF is a downstream effector
of caspase-independent apoptosis initiated by PARP-1. Supporting
this notion, in a mouse model of heart failure induced by trans-
verse aortic banding, the extent of AIF’s mitochondrial-to-nuclear
translocation was reduced by the inhibition of PARP-1 activation,
using either isoindolinone-based PARP inhibitor (INO-1001) or
PARP-1 genetic-deficient mice.15 Although the mechanism respon-
sible for PARP-1-dependent release of AIF from mitochondria
remains to be identified, it has been proposed that the cell death
pathway initiated by PARP-1 activation is mediated by AIF.36

Mitochondria contain several apoptogenic factors such as cyto-
chrome c, Smac/Diablo, HtrA2/Omi, AIF, and EndoG, which are
released upon apoptotic stimulation.12,34,38,39 EndoG and AIF
have been implicated in the induction of caspase-independent
apoptosis in various cell types.12,34 We have mainly focused on
the role of AIF in adult cardiomyocytes, since our laboratory and
other investigators have found that AIF may play an important
role in the development of heart failure.40 However, other
studies suggest that there is a switch from caspase-dependent to
caspase-independent death pathways after cardiac cell differen-
tiation, and EndoG may play an important role in differentiated car-
diomyocytes. Whether there is a preferential role of AIF and
EndoG that may be cell type-dependent, or dependent on
certain conditions, such as hypertrophy, as in our study, is not
known.

Historically, two main forms of cell death have been distin-
guished: apoptosis and necrosis. Caspase activation has been con-
sidered the hallmark of apoptosis. However, it is now well
recognized that programmed cell death can also be mediated by
other apoptotic factors, such as AIF and EndoG, without the acti-
vation of caspases.5,34 In this study, for example, we consider AIF-
mediated cell death as a caspase-independent, apoptotic process.
In fact, necrosis, which has often been viewed as an accidental
and uncontrolled cell death process, might also be a highly orche-
strated type of programmed cell death, like apoptosis. In addition,
autophagic cell death has features resembling apoptosis, including a
possible association with the caspases41,42 and Bcl-2.43 Although
we did not specifically take account of other cell death processes
in this paper, we recognize that they have the potential to make a
contribution to overall cell death in our model, especially in
H-CMs, and that more work is needed to address this issue.
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