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Abstract

Experimental sarcoplasmic reticulum damage induced by 3 lM thapsigargin or 1 lg/ml tunicamycin provoked viability loss of the cell
population in approximately 72 h. Release of cytochrome c from mitochondria was an early event and Bax translocation to the mito-
chondria preceded or was simultaneous with cytochrome c release. The release of cytochrome c was not related with mitochondria depo-
larization or caspase activation. Irreversible stress in the sarcoplasmic reticulum, detected by the early activation of caspase 12, was
functionally linked to the mitochondrial apoptotic pathway. Caspase 3 processing was blocked by cells preincubation with a selective
inhibitor of either caspase 9 or caspase 8 whereas caspase 8 activation was inhibited by a selective caspase 9 inhibitor. This was consistent
with the involvement of caspase 8 in a positive feedback loop leading to amplify the caspase cascade. Caspase inhibition did not protect
against cell death indicating the existence of alternative caspase-independent mechanisms.
� 2007 Elsevier Inc. All rights reserved.
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Apoptosis is a highly regulated process used by multicel-
lular organisms for the physiological removal of unwanted
cells. It plays a critical role during prenatal development
but also operates in the postnatal life being responsible for
cell turnover and tissue homeostasis [1]. Eukaryotic cells
are endowed with a number of mechanisms that can detect
and respond to specific local damages. When the protective
responses that can be orchestrated by the cell are insufficient
to cope with the alterations the apoptotic process ensues.
* Corresponding author. Fax: +34 968 364 147.
E-mail address: fbelda@um.es (F. Fernández-Belda).

1 These authors contributed equally to this work.
2 Abbreviations used: ER, endoplasmic reticulum; SR, sarcoplasmic retic-

ulum; TG, thapsigargin; TM, tunicamycin; MTT, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; JNK, c-jun amino-terminal kinase; 
casp, caspase; cyt c, cytochrome c; COX IV, cytochrome oxidase, complex IV; 
DMEM, Dulbecco’s modified Eagle’s medium; PBS, phosphate-buffered 
saline; PBST, phosphate-buffered saline supplemented with Tween 20; DWm, 
inner mitochondrial membrane potential; CsA, cyclosporin A; 
CCCP,

0003-9861/$ - see front matter � 2007 Elsevier Inc. All rights reserved. 
Plasma membrane receptors [2] and mitochondrion [3] were
first recognized to detect specific stress signals that eventu-
ally resulted in the demise of the cell. Organelles other than
the mitochondrion such as nucleus, endoplasmic reticulum
(ER)2 or the muscle cell counterpart sarcoplasmic reticulum
(SR) and the Golgi apparatus can detect and initiate cell
death responses [4]. It seems that cells are maintained alive
by a delicate balance between opposing signals designed to
maintain life or induce death [5].
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Cardiac myocytes are terminally differentiated cells and
therefore the induction of the apoptotic process is expected
to have a significant impact on cardiac performance. Apop-
tosis of myocardiac cells has been implicated in the patho-
genesis of several heart dysfunctions related with infarction
[6], ischemia–reperfusion [7], pressure overload [8] and
chronic heart failure [9], although the precise contribution
to disease states remains to be established.

The SR of myocardiac cells is the source where cytosolic
Ca2+ signals involved in heart contraction are originated
and the place where synthesis, folding and modification of
secretory and membrane proteins occur. Diminution of the
intracellular ATP content as that occurring during an ische-
mic episode decreases the SR Ca2+ reserve thereby limiting
the function of some SR chaperone proteins [10]. Protein syn-
thesis, folding mediated by SR chaperone and modifications
including glycosylation are also affected [10]. Consequently,
disruption of the SR function is expected to initiate the
unfolded protein response as it has been described for the
ER [11]. When the protective response launched by the cell
cannot restore the physiological conditions a SR stress-depen-
dent suicide program is unleashed. The current knowledge of
this complex and step-wise process is sketchy and most of the
available data come from cell types other than myocardiac.

To identify potential therapeutic targets, it is imperative to
have a full understanding of the apoptotic processes that are
operative in myocardiac cells. Experimentally induced SR
damage was achieved by addition of thapsigargin (TG), a nat-
urally occurring sesquiterpene lactone displaying high affinity
inhibition on SR/ER Ca2+–ATPase [12], or tunicamycin
(TM), a pharmacological inhibitor of the N-linked glycosyla-
tion of proteins that takes place in the SR/ER. Irreversible dis-
ruption of the SR Ca2+ pool by direct action of TG and not by
decreasing the intracellular ATP content avoided undesirable
effects on many other key events that are energy-dependent.

The effect of TG and TM as inducers of SR stress-depen-
dent apoptosis has been studied in a culture of H9c2 cells.
This perennial cell line displays morphological features of
immature embryonic cardiomyocytes but retains many func-
tional elements of adult myocardiac cells including the
evolutionarily conserved signaling cascades. In fact, H9c2
cells have been used to evaluate biochemical responses
induced by pathological conditions of the heart such as
the role of the c-jun amino-terminal kinase (JNK) pathway
in the apoptotic death induced by oxidative stress [13], the
mitogen-activated protein kinase pathway during post-ische-
mic reperfusion [14] or the hypertrophic growth induced by
increased work load and mediated by upregulation of the
transforming growth factor-b [15].

Materials and methods

Materials

Rat heart-derived H9c2 cells [16] were obtained from the European
Collection of Cell Cultures (www.ecacc.org.uk). The nitrocellulose transfer
membrane Protran� BA 83 was supplied by Schleicher & Schuell BioSci-
ence. Image-iT� FX Signal Enhancer was a product of Molecular Probes�.
Chemichrome Western Control (C 2242) and the Chemiluminescent Per-
oxidase Substrate (CPS-1-120) were from Sigma. Qentix� Western Blot
Signal Enhancer was from Pierce and Curix RP2 plus film was from Agfa.

Reagents and media

Culture reagents including Dulbecco’s modified Eagle’s medium
(DMEM) with low glucose and L-glutamine, fetal bovine serum and
penicillin–streptomycin–L-glutamine mixture were from Gibco. The cell
dissociation solution containing 0.25% trypsin was also from Gibco. TG,
TM from Streptomyces sp., cyclosporin A (CsA), and the protease
inhibitor cocktail (P 8340) were obtained from Sigma. 5,5 0,6,6 0-tetra-
chloro-1,10,3,3 0-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) and
MitoTracker� Red CM-H2XRos were from Molecular Probes�.
N-benzyloxycarbonyl-Val-Ala-Asp(OCH3)-fluoromethylketone (z-VAD-
fmk) and N-benzyloxycarbonyl-Ile-Glu(OCH3)-Thr-Asp(OCH3)-fluo-
romethylketone (z-IETD-fmk) were purchased from Bachem whereas
N-benzyloxycarbonyl-Leu-Glu(OCH3)-His-Asp(OCH3)-fluoromethylke-
tone (z-LEHD-fmk) was from BD Pharmingen. All other chemicals were
of analytical grade and also provided by Sigma.

The permeabilization medium for digitonin treatment was 250 mM
sacarose, 75 mM KCl, 1 mM NaH2PO4 and 8 mM Na2HPO4. The solu-
bilization medium after the digitonin treatment was 150 mM Tris–HCl,
1 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate and 0.1% SDS
at pH 8.0. The sample buffer for electrophoresis was 62.5 mM Tris–HCl,
2% SDS, 5% b-mercaptoethanol, 7.5% glycerol and 0.0003% bromophenol
blue at pH 6.8. Phosphate-buffered saline (PBS) was 137 mM NaCl,
2.7 mM KCl, 10.14 mM Na2HPO4 and 1.76 mM KH2PO4 adjusted to pH
7.4 with HCl. Phosphate-buffered saline supplemented with Tween 20
(PBST) was PBS containing 0.05% Tween 20. The blocking solution for
blotted proteins was PBST supplemented with 5% skim dried milk. The
stripping buffer for antibody reprobing was 62.5 mM Tris–HCl, 2% SDS
and 100 mM b-mercaptoethanol at pH 6.8. The modified Tyrode’s solu-
tion was 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES)–NaOH, 121 mM NaCl, 4.7 mM KCl, 1 mM CaCl2, 1.2 mM
MgSO4, 5 mM NaHCO3, 1.2 mM KH2PO4, 10 mM glucose and 0.25%
bovine serum albumin at pH 7.4.

Antibodies

Mouse anti-cytochrome c (cyt c) monoclonal antibody (clone
7H8.2C12) was purchased from BD Pharmingen. Mouse monoclonal
antibody against cytochrome oxidase, complex IV (COX IV) and goat
anti-mouse IgG linked to Alexa Fluor� 488 were from Molecular
Probes�. Rabbit anti-caspase 12 (casp 12) polyclonal antibody (Ab-2) was
purchased from Calbiochem and rabbit anti-casp 3 polyclonal antibody
(H-277) was from Santa Cruz Biotechnology. Rabbit anti-casp 8 poly-
clonal antibody (AAP-118) was a product of Stressgen Bioreagents.
Mouse anti-Bcl-2-associated X protein (Bax) monoclonal antibody (clone
6A7), mouse monoclonal anti-c-tubulin (clone GTU-88) and the peroxi-
dase-conjugated secondary antibodies rabbit anti-mouse IgG and goat
anti-rabbit IgG were from Sigma.

H9c2 culture

Cells in complete culture medium consisting of DMEM, 10% heat-inac-
tivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and
100 lg/ml streptomycin were maintained at 37 �C in growth exponential
phase [17]. The monolayer culture was split at a 1:6 ratio or harvested to
perform experiments when confluence was 70–80%. For induction of SR-
mediated apoptosis, plated cells in DMEM were exposed to 3 lM TG or 1 lg/
ml TM and maintained in the CO2 incubator for defined periods of time.

MTT assay

Cells at �15 · 103/well were seeded in quadruplicate in 24-well plates
and grown at 37 �C for 4 days in complete culture medium. Subconfluent
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cultures in DMEM were subjected to the apoptotic treatment as described
above. When indicated, cells were previously incubated with 20 lM
z-VAD-fmk for 1 h. Culture medium from treated or untreated cells was
aspirated and cells were washed twice with pre-warmed PBS. The redox
potential of live cells was evaluated after incubation with 300 ll/well 1 mg/
ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
for 30 min in the CO2 incubator. The formazan precipitate was dissolved
by adding 250 ll/well dimethyl sulfoxide and shaking the plate for 5 min
at room temperature. Then, 25 ll of 2 M Tris at pH 10.5 was added to
each well. Absorbance of the samples was read at 570 nm and the back-
ground value at 690 nm was subtracted. The index of cell survival at each
time point in the absence or presence of apoptotic treatment corresponds
to a percentage with respect to a time zero control.

JC-1 loading and flow-cytometry

Cells in one 150-mm plate at 70–80% confluence were subjected to the
apoptotic protocol, as described above. Treated and untreated cells in
DMEM were loaded at 37 �C for 10 min with 5 lg/ml JC-1. Then, cells
were washed twice with pre-warmed PBS, trypsinized and resuspended at
�3 · 105 cells/ml in modified Tyrode’s solution at 25 �C. Measurements
were immediately carried out in a Becton–Dickinson FACSort� flow
cytometer and samples were excited with the 488 nm line of a krypton/
argon laser. The green and red fluorescence of JC-1 was detected through
the FL-1 and FL-2 channels, respectively. Proper compensation was
established to correct the fluorescence spillover [18]. The cell population
under study was previously selected by electronic gating measuring for-
ward vs. side light scatter. A total of 20,000 events were collected for the
analysis of each sample. Data acquisition and analysis were performed
with the CellQuest� software from Becton–Dickinson.

Active Bax immunofluorescence

Cells (�2 · 104) were plated on each 35-mm glass bottom dish and
grown at 37 �C in complete medium for 2 days. Adherent cells were
washed twice with pre-warmed PBS and then incubated in DMEM with
3 lM TG for 0.5, 1 or 2 h. Treated and untreated cells were loaded at
37 �C for 45 min with 20 nM MitoTracker Red. This was followed by
fixation with formaldehyde, permeabilization with Triton X-100 and
treatment with the signal enhancer kit Image-iT� FX according to the
Molecular Probes’ protocol. Cells were exposed overnight at 4 �C to
mouse anti-Bax 6A7 (1:1000 dilution) and then to goat anti-mouse IgG
conjugated to Alexa Fluor 488 (1:200 dilution) for 1 h at 37 �C. Labeled
cells were viewed under a DM IRE II inverted fluorescence microscope
from Leica Microsystems using HCX PL APO 63· oil immersion objective
with numerical aperture 1.32. Alexa Fluor 488 and MitoTracker Red were
excited with an argon-ion or green helium–neon laser beam, respectively.
The corresponding ranges of emission wavelength were 510–550 nm and
590–650. Confocal images were collected with the Leica scanhead module
TCS SP2. The pinhole aperture was set at 140 lm, equivalent to a z plane
of 1.1 lm thickness.

Samples for protein detection

Subconfluent cultures in four 150-mm plates (�1.5 to 2 · 106 cells/
plate) were left untreated or treated with the apoptotic inducer as
described above. Then, cells were harvested at the appropriate time point,
pooled and processed for the preparation of relevant cellular extracts. A
bank of samples was systematically generated and maintained in the
ultrafreezer at �80 �C for further use. Cyt c was studied in the S-10 and P-
10 fractions, Bax in the P-10 fraction and the S-10 fraction was used for
caspase detection.

Cellular extracts

The preparation of samples for protein detection was based on a
previously described method for selective permeabilization of the plasma
membrane [19]. Briefly, cells collected by centrifugation and washed twice
in ice-cold PBS were resuspended at �4 · 104 cells/ll in ice-cold medium
for permeabilization. The protease inhibitor cocktail at 4 ll/1 · 106 cells
and digitonin to give 600 lg/ml were added. The incubation was main-
tained for 5 min in an ice bath. The digitonin treatment was empirically
adjusted to get more than 95% of the cells stained with Trypan blue dye.
Cells were centrifuged at 10,000g for 10 min and 4 �C and the supernatant
was aliquoted, labeled as ‘‘S-10’’ and stored at �80 �C in the bank of
samples. The pellet was resuspended in a volume of solubilization medium
equal to the volume of medium for permeabilization previously used. The
addition of protease inhibitor cocktail at 4 ll/1 · 106 cells and a brief
sonication (4 · 5 s with 30 s intervals) at the ice-water temperature was
followed by a new centrifugation at 10,000g. The resulting supernatant
was aliquoted, labeled as ‘‘P-10’’ and frozen at �80 �C.

Protein determination

The protein content of the cellular extracts was measured by the
bicinchoninic acid assay using bovine serum albumin as the standard
protein [20].

Electrophoresis and Western blotting

The separation and detection of proteins was performed by standard
procedures. Aliquots of soluble protein were initially boiled for 5–15 min
in sample buffer. Thereafter, equal amounts of protein were resolved on
12% or 15% SDS–polyacrylamide gels [21] and electroblotted to nitro-
cellulose membrane using a semi-dry blotting apparatus from Bio-Rad.
The protein transfer efficiency was checked by the chemichrome Western
control mix. The membrane was treated with the signal enhancer kit from
Pierce and then immersed at room temperature for 1 h in the blocking
medium. The incubation with the primary antibody solution was pro-
longed overnight at 4 �C in a rocker. Antibodies against cyt c, casp 12 and
c-tubulin were used at 1:500. Anti-COX IV and anti-casp 8 antibodies
were used at a dilution 1:1000 whereas anti-casp 3 was used at 1:200 and
anti-Bax was 1:70. The membrane was washed three times for 5 min each
with PBST and incubated again with blocking solution at room temper-
ature for 30 min. Afterwards, the incubation with peroxidase-conjugated
secondary antibody was maintained at room temperature for 1 h. Anti-
mouse IgG was used at 1:20,000 and anti-rabbit IgG at 1:25,000. Fol-
lowing three new washes with PBST the immunoreactive bands were
detected by the chemiluminescence method according to the Sigma’s
protocol. When indicated the blotting membrane was treated at 50 �C for
30 min with stripping buffer and then reexposed to anti-c-tubulin, and in
some cases also to anti-COX IV, followed by incubation with anti-mouse
IgG linked to peroxidase.

Data presentation

Experimental data in the histograms are expressed as mean values of at
least five independent assays and standard deviations are indicated by
error bars. Differences were compared by the Student’s t-test using the
SigmaPlot 8.0 software. A value of p < 0.05 was considered to be signifi-
cant. Western blots in the figures are representative of repeated experi-
ments and have been reproduced using version 4.0 of the Adobe
Photoshop software. None or minimal image treatment according to
accepted guidelines [22] was applied. Flow-cytometry data presented as
dots plot are representative of experiments performed at selected assay
conditions. Time-dependent plots contain mean values from at least three
experiments and the results are presented as percentage with respect to the
selected cell population.

Results

The effect of TG or TM on cell damage is dependent on
severity and duration of the apoptotic treatment. Thus,



Fig. 2. Release of cyt c from mitochondria to cytosol was an early event in
apoptosis induced by 3 lM TG or 1 lg/ml TM. Plated cells in DMEM
were subjected to apoptotic treatment at 37 �C. After the indicated time
periods, cells were treated with digitonin and the cellular fractions S-10
and P-10 were prepared. The 10,000g centrifugation permitted isolation of
the cytosolic content in the supernatant since cells were selectively
permeabilized with digitonin and not disrupted. Cyt c (p12), COX IV
(p19.6) and c-tubulin (p48) were detected by immunoblotting procedure in
both fractions. c-Tubulin was used as a protein loading control.
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incubation of H9c2 cells in DMEM with 3 lM TG led to
time-dependent cell damage as evaluated by mitochondrial
dysfunction with the MTT assay. Under these conditions,
loss of viability in the cell population was completed in
approximately 72 h (closed bars in Fig. 1a and Ref. [23]).
It is also shown that the time course of cell damage in
the presence of 1 lg/ml TM (closed bars in Fig. 1b) was
similar to that induced by 3 lM TG. Maintenance of
untreated cells in DMEM for the same time intervals
resulted in progressive but moderate cell damage due to
serum deprivation (open bars in Fig. 1).

Mitochondria have been found to play a primary role in
the unfolding of certain apoptotic responses. Therefore, the
subcellular distribution of cyt c was assessed when cells
were undergoing apoptosis. Cyt c was detected by Western
blotting in the S-10 and P-10 fractions. The S-10 fraction
was the supernatant of a 10,000g centrifugation, once cells
were selectively permeabilized with digitonin and the solu-
ble content from the resulting pellet was the P-10 fraction.
Before apoptosis was induced, i.e., at time zero, cyt c was
present in the P-10 fraction but not in S-10 (Fig. 2). How-
Fig. 1. Cellular damage induced by 3 lM TG (a) or 1 lg/ml TM (b)
occurred in approximately the same time frame. Plated cells in DMEM
were exposed at 37 �C to the apoptotic insult for different time periods
(closed bars). Untreated cells in DMEM were also incubated for the same
time intervals (open bars). Evaluation of the MTT reduction was carried
out by colorimetric procedure. Data are expressed as a percentage with
respect to a time zero control. Statistical significant effect of the apoptotic
insult when treated cells were compared with untreated cells at the same
incubation time (*).
ever, the induction of apoptosis gave rise to the time-
dependent appearance of cyt c in the S-10 fraction. It
was detectable as early as 1 h when 3 lM TG was used
and after 30 min when 1 lg/ml TM was the death stimulus.
Detection of COX IV protein indicated that the mitochon-
drial marker was only present in the P-10 fraction. This
validates the cytosolic extract S-10 used in this study that
was free of mitochondrial contamination. The blotting
membrane was stripped and reprobed with anti-c-tubulin
to check that similar protein contents were in the lanes.

The potential effect of a fast mitochondria depolariza-
tion as inducer of the observed redistribution of cyt c from
mitochondria to cytosol was investigated with the aid of
the cationic dye JC-1 and flow-cytometry experiments
[18]. The accumulation of JC-1 in polarized mitochondria
is known to be accompanied by a fluorescence shift of
the probe from green to red [18]. So, a representative exper-
iment indicated that the vast majority of untreated cells
loaded with JC-1 emitted high red fluorescence consistent
with an elevated inner mitochondrial membrane potential
(DWm) and only a small percentage exhibited lower values
(Fig. 3a). Cells in regions R1 and R2 were 94% and 6%,
respectively. The sensitivity of JC-1 to a DWm change was
proved by treatment for 30 min with 5 lM carbonyl cya-
nide m-chlorophenylhydrazone (CCCP). Most of the cells
showed a clear decrease of red emission fluorescence and
a concomitant increase in green fluorescence when exposed
to the uncoupling agent. In fact, cells in regions R1 and R2
after the treatment were 0.5% and 99.5%, respectively
(Fig. 3b). Cells in region R1 were also evaluated at different
time intervals after addition of 3 lM TG. Our data indi-
cated that most of the cells were unaffected by the apopto-
tic treatment and remained in region R1 during the first
12 h although some decrease of the R1 population was



Fig. 3. Cells exposure to 3 lM TG or 1 lg/ml TM was not accompanied
by collapse of DWm. Plated cells in DMEM were exposed to the apoptotic
insult. The incubation at 37 �C was extended for different time periods.
Treated and untreated cells were loaded with the JC-1 probe and then
trypsinized and resuspended. Measurements were carried out with a
FACSort� flow cytometer from BD. Green and red fluorescence was
detected through the FL-1 and FL-2 channels, respectively. (a) Dots plot
of untreated cells after appropriate electronic gating. Cells with high and
low DWm are in region R1 and R2, respectively. (b) Dots plot of cells
treated for 30 min with 5 lM CCCP to collapse the DWm. (c) Time-
dependent effect when cells were treated with 3 lM TG. (d) Time-
dependent effect when cells were treated with 1 lg/ml TM.

Fig. 4. Bax translocation to mitochondria was also an early event when
cells were treated with 3 lM TG or 1 lg/ml TM. Plated cells in DMEM
were treated at 37 �C with the appropriate apoptotic inducer. The time-
dependent effect on Bax translocation was measured in the P-10 fraction
after protein resolution and chemiluminescence detection of the immuno-
reactive band (p21). The c-tubulin (p48) content was used as a control of
the lanes loading.

Fig. 5. Active Bax in dying cells had a preferential mitochondrial location
and was more abundant at the cellular periphery. Images of laser confocal
microscopy when plated cells were left untreated (A–C) or exposed to
3 lM TG (D–L). Cells were loaded with MitoTracker Red (red fluores-
cence) and treated for active Bax immunostaining (green fluorescence).
The preferential location of active Bax in mitochondria was proved by the
yellow color in the merged images of the right column (F, I and L). Images
in each column were captured under the same sensitivity set up to allow
comparison. Scale bar in C, also applicable to A and B, was 60 lm
whereas in L, and also in D–K, was 20 lm.
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developed at longer time intervals (Fig. 3c). When the
apoptotic treatment was carried out in the presence of
1 lg/ml TM, the effect on cell population in R1 was negli-
gible after 12 h and minimally affected after a period of
36 h (Fig. 3d).

The involvement of Bax as responsible for the mito-
chondrial release of cyt c has been documented in a number
of experimental situations and cell types [24,25]. Therefore,
the possibility of this mechanism for regulating cyt c release
in our cell system was explored. The time course of Bax
translocation to the mitochondria was monitored by Wes-
tern blotting [26]. The cellular extract P-10 did not contain
the Bax protein unless cells were previously treated with
3 lM TG or 1 lg/ml TM. Indeed, the appearance of Bax
in the P-10 fraction was detectable after 30 min when either
apoptotic inducers were used (Fig. 4).

This result prompted up to analyze Bax activation in
H9c2 cells by confocal microscopy. To this end, cells were
treated for different time intervals with 3 lM TG. Then, live
treated and untreated cells were loaded with MitoTracker
Red, a mitochondrial probe that can be detected as red fluo-
rescence. The subsequent fixation and permeabilization pro-
cesses allowed detection of active Bax with the aid of the
primary antibody 6A7 [26]. Data presented correspond to
individual cells engaged in apoptosis. As can be seen by the
green fluorescence, active Bax was present in cells exposed
to TG (Fig. 5D, G and J) but not in untreated cells
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(Fig. 5A). Moreover, the distribution of Bax displayed a
punctate pattern and was abundant at the cellular periphery
but scarce in regions near the nucleus (Fig. 5D, G and J). The
MitoTracker labeling of the cells provided a bright and dense
network of red tiny spots distributed all over the confocal
plane except on the nucleus (Fig. 5B, E, H and K). It is clear
that Bax distribution overlapped in a large extent on the
mitochondrial network as deduced when the corresponding
images were superimposed (Fig. 5F, I and L).

The proteolytic activation of certain caspases is a dis-
tinctive characteristic of apoptosis induced by different
death signals. Therefore, the participation of key caspases
in response to the induced SR stress was analyzed. Caspase
activation was monitored by Western blotting using anti-
bodies that detected both procaspase and a cleaved frag-
ment of the enzyme. Specifically, casp 12 was mainly
detected as a p53 proform in the S-10 fraction of untreated
cells although some basal level of the p35 fragment was
also found (Fig. 6). The apoptotic treatment with either
3 lM TG or 1 lg/ml TM resulted in an increased accumu-
lation of the cleaved fragment. Casp 12, that is predomi-
nantly associated to the SR membrane [27], was more
clearly observed in the S-10 (Fig. 6) than in the P-10 frac-
tion (data not shown) due to a lower number of unspecific
bands in the blots. The S-10 fraction of untreated cells also
contained the p32 proform of casp 3 but not the cleaved
form (Fig. 6). Upon apoptosis induction, casp 3 was pro-
cessed in a time-dependent manner to yield a detectable
p17 fragment. Accumulation of the casp 3 proteolytic frag-
ment occurred earlier when cells were treated with TG as
compared with TM. Moreover, uncleaved casp 8 was pres-
ent in the S-10 fraction as a p55 immunoreactive band and
was processed after apoptosis induction to generate a p25
fragment (Fig. 6). In this case, accumulation of the cleaved
fragment was only visible after a 24 h time span.
Fig. 6. Casp 12, casp 3 and casp 8 were activated when cells were exposed to 3 l
for different time intervals. The time course of caspase activation was studied in
casp 8 (p55) are marked with arrows. Detectable proteolytic fragments of ca
Unspecific bands in the blots are related with overexposure to detect the prot
The significance of the mitochondrial release of cyt c

and casp 3 activation in response to SR stress was exam-
ined in the presence of CsA or z-VAD-fmk. The optimal
z-VAD-fmk inhibitory concentration was previously deter-
mined by measuring casp 3 activation. The assay was per-
formed with the S-10 fraction and the exposure to 3 lM
TG was for 6 h. Cells untreated or treated with TG were
used to demonstrate the induced appearance of the p17
fragment. They served as negative and positive controls,
respectively (Fig. 7a, first two lanes). When cells were pre-
incubated for 1 h with increasing z-VAD-fmk concentra-
tions before apoptotic induction the accumulation of the
p17 fragment was progressively diminished. Full inhibition
of casp 3 processing was obtained when the z-VAD-fmk
concentration was above 10 lM.

As already shown, cyt c was absent in the S-10 fraction
before but not after the treatment for 6 h with 3 lM TG
(Fig. 7b, first two lanes; and also Fig. 2). Likewise, substan-
tial processing of casp 3 was observed after the TG treat-
ment but not before (Fig. 7b and also Fig. 6).
Furthermore, cells preincubation for 10 min with 5 lM
CsA did not block either the mitochondrial release of cyt
c or the casp 3 activation. Nonetheless, preincubation for
1 h with 20 lM z-VAD-fmk failed to inhibit cyt c release
but prevented casp 3 activation. An additional control
assay indicated that preincubation with 5 lM CsA alone
did not induce any response.

When parallel experiments were performed in the pres-
ence of 1 lg/ml TM for 24 h (Fig. 7c) the observed effects
were similar to those described for 3 lM TG. Namely,
cyt c appeared in the S-10 fraction of treated cells and pro-
cessing of casp 3 was observed whereas neither release of
cyt c nor casp 3 activation were observed in the S-10 frac-
tion of untreated cells. Hence, 5 lM CsA added in preincu-
bation did not alter either the mitochondrial release of cyt c
M TG or 1 lg/ml TM. H9c2 cells were treated with the apoptotic stimulus
the S-10 fraction. Uncleaved proforms of casp 12 (p53), casp 3 (p32) and

sp 12 (p35), casp 3 (p17) and casp 8 (p25) are indicated by arrowheads.
eolytic cleavage of caspases.



Fig. 7. CsA failed to prevent release of cyt c from mitochondria whereas
z-VAD-fmk inhibited casp 3 activation. Cells were exposed for 6 h to
3 lM TG or 24 h to 1 lg/ml TM. In some experiments, cells were
preincubated with 5 lM CsA for 10 min or a defined concentration of z-
VAD-fmk for 1 h. Detection of cyt c (p12) and also uncleaved (p32) and
cleaved casp 3 (p17) was sought in the S-10 fraction. (a) Casp 3 activation
induced by 3 lM TG was studied in the presence of different z-VAD-fmk
concentrations. c-Tubulin (p48) was used as a loading control. (b) The
effect of 3 lM TG on the mitochondrial release of cyt c and casp 3
activation was studied in the absence or after preincubation with 5 lM
CsA or 20 lM z-VAD-fmk. (c) The effect of 1 lg/ml TM on cyt c release
and casp 3 activation, in the absence or presence of CsA or z-VAD-fmk is
shown.

Fig. 8. Either z-LEHD-fmk or z-IETD-fmk prevented activation of casp 3
casp 3, plated cells were treated for 6 h with 3 lM TG or 24 h with 1 lg/ml
with either apoptotic inducers (lower panels). In some experiments, the ap
permeable and irreversible) caspase inhibitor for 1 h. Both, casp 3 and casp
(p55) are marked with arrows. Detectable fragments of cleaved casp 3 (p1
content in each lane was a loading control.
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or the casp 3 activation. In contrast, the 1 h preincubation
with 20 lM z-VAD-fmk did not block cyt c release but pre-
vented casp 3 activation. In the absence of apoptotic treat-
ment, CsA had no effect when added in preincubation.

Selective inhibition of specific caspases may be a useful
tool for identifying the relationship or hierarchy in the acti-
vation cascade. Here again, casp 3 activation induced by
treatment for 6 h with 3 lM TG was considered. The posi-
tive but not the negative control revealed the p17 fragment
that was detected in the S-10 fraction (Fig. 8 and also
Fig. 6). However, the p17 fragment was not observed when
cells were preincubated for 1 h with 20 lM z-LEHD-fmk, a
selective inhibitor of casp 9, before exposure for 6 h to
3 lM TG. Interestingly, the same response was obtained
when the preincubation was carried out in the presence
of 20 lM z-IETD-fmk, a selective inhibitor of casp 8. It
is also shown that following a 24 h exposure to 1 lg/ml
TM, casp 3 activation was almost completely blocked when
cells were preincubated for 1 h with either 20 lM z-LEHD-
fmk or z-IETD-fmk.

In this regard, the effect of a selective casp 9 inhibitor on
casp 8 activation was also analyzed. The apoptotic treat-
ment for 36 h with 3 lM TG or 1 lg/ml TM as compared
with the corresponding samples of untreated cells resulted
in the accumulation of the p25 fragment (Fig. 8; see also
Fig. 6). However, cells preincubation for 1 h with 20 lM
z-LEHD-fmk before the 3 lM TG treatment precluded
the appearance of the p25 fragment. Likewise, 1 h preincu-
bation with 20 lM z-LEHD-fmk substantially blocked the
proteolytic cleavage of casp 8 when the apoptotic inducer
was 1 lg/ml TM.
whereas z-LEHD-fmk also blocked casp 8 activation. For the study of
TM (upper panels). Casp 8 activation was studied after 36 h treatment

optotic treatment was preceded by preincubation with a specific (cell-
8 were studied in the S-10 fraction. Proforms of casp 3 (p32) and casp 8
7) and casp 8 (p25) are marked with arrowheads. The c-tubulin (p48)
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Apoptosis induced by irreversible SR stress is inti-
mately connected to proteolytic cleavage of relevant
caspases therefore it was important to evaluate whether
blockade of caspase activation protected against cell
death. H9c2 cells subjected to apoptotic treatment for
different time intervals were taken as a reference and
compared with cells pretreated for 1 h with 20 lM z-
VAD-fmk before the apoptosis insult. The cellular dam-
age was evaluated by measuring the MTT reductase
activity. The viability of cells treated with 3 lM TG
was progressively diminished as a function of time
(closed bars in Fig. 9a; see also Fig. 1a). Notably, pre-
incubation with 20 lM z-VAD-fmk did not result in cell
protection and the time-dependent profile was similar to
that obtained in the absence of general caspase inhibitor
(cf. gray bars and closed bars in Fig. 9a). As a refer-
ence, values of untreated cells at each time point were
also included (open bars). Similar to data obtained in
the presence of TG, the time-dependent decline in the
redox potential when cells were exposed to 1 lg/ml
TM was not protected by preincubation with the cell-
permeable and irreversible general caspase inhibitor
(Fig. 9b).
Fig. 9. Caspase inhibition in H9c2 cells did not confer cytoprotection.
Plated cells in DMEM were exposed at 37 �C to 3 lM TG (a) or 1 lg/ml
TM (b). Cell viability was evaluated by the MTT assay. Cells were treated
for different time periods (closed bars), or were preincubated for 1 h with
20 lM z-VAD-fmk before treatment (gray bars). Untreated cells in
DMEM were also maintained for the same time intervals (open bars).
Differences at each incubation time between cells subjected to apoptotic
treatment in the presence or absence of z-VAD-fmk did not reach
statistical significance (p > 0.05).
Discussion

The experimental discharge of the SR Ca2+ pool by TG
or the interference with the N-glycosylation of proteins in
the SR by TM provoked similar time-dependent cell dam-
age in H9c2 cells (Fig. 1). The question then arises as to
whether two different death signals acting on the same
organelle share the same apoptotic response.

When cells were exposed to 3 lM TG or 1 lg/ml TM the
release of mitochondrial cyt c was an early event (Fig. 2)
while the observed decrease of DWm in the whole cell pop-
ulation was small and occurred later (Fig. 3). This indi-
cated that cyt c release associated with SR stress was not
induced by depolarization of the inner mitochondrial mem-
brane. Indeed, pretreatment with CsA to block the perme-
ability transition pore (PTP) had no effect to prevent cyt c

release (Fig. 7b and c).
Bax and Bak activation in both mitochondria and ER

are essential components of the ER-mediated apoptotic
process [28,29]. In this regard, data presented herein indi-
cated that Bax activation and translocation to the outer
mitochondrial membrane occurred in the early stages of
apoptosis when H9c2 cells were subjected to SR damage
(Figs. 4 and 5).

Intense or prolonged ER stress as that induced by TG or
TM is initially sensed by the ER membrane proteins
PERK, IRE1 and ATF6 that eventually activate down-
stream signaling pathways and the commitment to death
is mediated by intermediary molecules such as CHOP,
JNK and proteins of the Bcl-2 family [30]. An essential
unresolved issue is how the multiple components of the
apoptotic machinery are integrated and timed in response
to the ER stress. So far, it is unclear whether there is one
defined proapoptotic event that controls all others or there
are different events that simultaneously function to activate
the cell death process. In any case, the current experimental
models rely on chemical agents that induce synchronous
and severe ER damage. Therefore, under conditions of
high stress levels as those imposed by TG or TM, the apop-
totic responses triggered by both agents share the same
basic events. This is not to say that moderated ER stress
signals experienced by cells ‘‘in vivo’’ cannot proceed
through different pathways and cannot give rise to different
apoptotic responses.

The activation of casp 12 in mouse fibroblasts under the
presence of TG or TM and the partial suppression of apopto-
sis in casp 12-deficient cells [27] favored the idea that casp 12
could be the initiator caspase in rodents. Other studies indi-
cated that z-VAD-fmk inhibited processing of casp 12 but
not casp 9 and casp 3 under the presence of TG [31] pointing
to a relevant role of mitochondria. More recent studies con-
firmed that ER stress-induced apoptosis can be developed in
the absence of casp 12 [32,33]. The involvement of other medi-
ators such as calpains, death receptors, the caspase-indepen-
dent pathway, etc. has also been described. Our data
indicate that casp 12 processing was stimulated shortly after
induction of the SR damage (Fig. 6) and the release of mito-
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chondrial cyt c could be observed in the presence of z-VAD-
fmk (Fig. 7b and c). Therefore, activation of cell death was
caspase-independent and the decisive event that marks the
‘‘point of no return’’ in the lethal process occurred upstream.
Moreover, Bax translocation to the mitochondria occurred
before or at the time of cyt c release (cf. Figs. 2 and 4). Consis-
tent with these results, the early participation of mitochondria
without a loss ofDWm in apoptosis induced by SR damage can
be established.

Once the initiator caspases are activated they act on down-
stream effector caspases which are responsible in a large extent
for the rapid and ordered dismantling of the cell. Activation of
casp 9 subsequent to cyt c release was undetectable in our
experimental system using commercially available antibodies
(data not shown), however, activation of casp 3 and casp 8 was
patent (Fig. 6). In this connection, casp 3 activation and cyt c

release were independent of PTP opening and the general cas-
pase inhibitor abolished casp 3 activation but not mitochon-
drial release of cyt c (Fig. 7b and c), confirming that casp 3
was activated downstream of cyt c release. Furthermore, the
inhibitory dependence generated under the presence of a selec-
tive casp 9 or casp 8 inhibitor indicates that casp 3 activation
was abrogated by inhibition not only of casp 9, as can be
expected, but also of casp 8 (Fig. 8). This suggests that casp
3 was in the same sequence of events and in some way down-
stream of casp 9 and casp 8. The sensitivity of casp 8 activation
to a selective casp 9 inhibitor (Fig. 8) lends support to the idea
that casp 8 was downstream of casp 9 and casp 3. These find-
ings indicate that casp 3 and casp 8 are engaged in a mitochon-
drial amplification loop aimed at potentiating the execution
phase of apoptosis as already described in other experimental
systems [34,35].

Inhibition of caspase cleavage in cardiomyocytes has
been associated with resistance to cell death as assessed
by the study of parameters related with DNA fragmenta-
tion [36,37]. However, z-VAD-fmk did not protect against
cell damage when the viability parameter was measured
(Fig. 9) confirming that cell death is not necessarily linked
to caspase activation. It should be noted that the release of
mitochondrial cyt c from the intermembrane space is
accompanied by the release of AIF and other caspase-inde-
pendent death effectors [38]. This alternative mechanism
that exhibits distinctive morphological features is consid-
ered responsible for a switch from canonical apoptosis to
other forms of cell death including necrosis [38].

Caspases are main players of apoptosis but do not exert
the control when induced by SR damage. A key question to
uncover is the identity of the molecular event triggering the
onset of apoptosis.
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