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Abstract
Apoptotic regulatory mechanisms in skeletal muscle have not
been revealed. This is despite indications that remnant
apoptotic events are detected following exercise, muscle
injury and the progression of dystrophinopathies. The recent
elicitation of a cytochrome c-mediated induction of caspases
has ledtospeculationregardingacytochromecmechanismin
muscle. We demonstrate that cytosols from skeletal muscle
biopsies from healthy human volunteers lack the ability to
activate type-II caspases by a cytochrome c-mediated
pathway despite the confirmed presence of both procas-
pase-3 and -9. This was not due to the presence of an
endogenous inhibitor, as the muscle cytosols enhanced
caspase activity when added to a control cytosol, subse-
quently activated by cytochrome c and dATP. In addition, we
demonstrate that muscle cytosols lack the apoptosis protease
activator protein-1 (APAF-1), both at the protein and mRNA
levels. These data indicate that human skeletal muscle cells
will be refractory to mitochondrial-mediated events leading to
apoptosis and thus can escape a major pro-apoptotic
regulatory mechanism. This may reflect an evolutionary
adaptation of cell survival in the presence of the profusion of
mitochondria required for energy generation in motility.
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Introduction

The mechanisms underlying the regulation of skeletal muscle
proliferation and maintenance are of considerable interest to
both clinical medicine and in sports science. Programmed cell
death (PCD), by apoptosis, is emerging as a fundamental
process in the regulation of normal tissue development and
homeostasis.1 Concordantly, it can be predicted that
programmed cell death may be of importance in both
adaptive and proliferative responses to exercise and muscle
injury as well as the progression of dystrophinopathies. An
aberrant regulation of apoptosis has been associated with a
number of human disease states including cancer, HIV/AIDS
and a number of auto-immune and neurodegenerative
disorders.1 In opposition to the considerable body of knowl-
edge accumulated on the regulation of apoptosis in immune-
competent cells, the executioner process of PCD is poorly
understood in solid tissues such as skeletal muscle. Using
morphological criteria and relatively simple diagnostic assays
such as immunohistochemical staining, recent studies have
indicated that apoptosis may be involved in skeletal muscle
pathophysiologies associated with a number of degenerative
neuromuscular diseases.2 Other researchers have indicated
that an apoptotic mechanism is part of an adaptive response
in skeletal and cardiac muscle during physical exercise.3 One
of the major limitations restricting an understanding in this
area lies in the nature of the muscle cells themselves. Fully
differentiated syncytial long cells are extremely large and
multi-nucleated, containing up to 100 nuclei. Some studies
have shown that the number of myonuclei in a single muscle
cell or fibre decreases as an adaptive response following
reductions in neuromuscular activation and/or loading.4 This
observation had led to the proposition that apoptosis in
skeletal muscle may be primarily characterised by pro-
grammed nuclear death5 rather than as deletion of the entire
muscle cell. Despite this, there is a void in the characterisation
of any biochemical mechanisms regulating PCD and
apoptosis in skeletal muscle.

A central component of the signal mechanism leading to
apoptotic cell deletion is the activation of a series of
procaspase proteases.6 In terms of muscle cells, the only
available data on the caspases comes from cardiac
myocytes where bouts of ischaemia-reperfusion injury
induce the accumulation of CPP32 (caspase-3) in the I/R
region.7 It is now established that holocytochrome c
(holoCyt-c) is released from the mitochrondrion following
membrane depolarisation and/or poration and that this is
possibly one of the most universal triggering events during
the regulation of apoptosis.8,9 Wang and co-workers have
shown that procaspase-9 is activated by the addition of
holoCyt-c and dATP to S-100 cellular cytosols.10 This same
group has also demonstrated that the minimum cytosolic
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contribution to this activation includes the above three
components plus the 130 kDa protein APAF-1.11 Following
its activation, the procaspase targets of caspase-9 include
procaspase-312 which can serve as a PCD executioner
protease cleaving and possibly activating both other
procaspases as well as other enzymatic and structural
proteins.6,13 In this manner S-100 cytosols from various cell
sources can be shown to generate specific type-II caspase
activity (DEVD-ase) dependent upon holoCyt-c and dATP
additions.10,14

Therefore, we choose to determine if the capacity of
human skeletal muscle cytosols qualitatively paralleled the
holoCyt-c/dATP-mediated activation of type-II caspases
seen in haematopoietic cells. Our observations suggest
that these cytosols were devoid of holoCyt-c-inducible
caspase activity and that this result is indicative of a
necessary endogenous mechanism for the regulation and
maintainance of skeletal muscle integrity.

Results

In the present study, we show that direct holoCyt-c/dATP-
mediated activation of human skeletal muscle S-100 cytosols
does not generate any DEVDase activity (Figure 1). This was
observed in nine biopsy samples involving muscle obtained
from regularly exercising healthy individuals of which six are
represented in Figure 1. To exclude the possibility that an

inhibitor of the holoCyt-c/dATP activation system is present in
muscle cytosols, they were added to an Jurkat T Cell-derived
S-100 cytosol prior to activation. In all cases, compared with
buffer alone, the generation of inherent DEVDase activity was
detected (Figure 1). This suggests that skeletal muscle
cytosols do not contain an endogenous inhibitor of the direct
activation of type II caspases by holoCyt-c/dATP.

We then assessed the relative contribution of muscle-
cytosol procaspases to the holoCyt-c/dATP-mediated
Jurkat S-100 cytosol activation, based on a protein-
normalised twofold dilution series (Figure 2a). This was
directly compared with Jurkat cytosol and bovine serum

Figure 1 The direct and indirect activation of muscle cytosols. As a control
the direct in vitro activation of type-II caspases in Jurkat cytosols was
accomplished by adding dATP and/or holoCyt-c followed by a 308C incubation.
The caspase activity was evaluated as pmoles/min7AMC release from DEVD-
AMC (black bars). The `+/+ dilute' group consists of a 5 ml S-100 buffer control
added to the `+/+' group prior to incubation. The direct activtion of muscle
cytosols was performed as for the Jurkat cytosols (open bars). The indirect
activation of muscle cytosols was accomplished by adding 5 ml (*10 mg
protein) of the same muscle samples to separate 20 ml Jurkat +/+ groups (grey
bars). The dotted line indicates the response of the dilution control

(a)

(b)

Figure 2 (a) The relative contribution of procaspases in muscle cytosols. The
direct activation of Jurkat cytosol was performed as in Figure 1 (black bars).
Jurkat (*) or muscle (no.4-&, no.6-^) cytosols and a BSA solution in S-100
buffer (~) were diluted such that a 61 addition supplemented the indicated
protein amount to a Jurkat S-100 cytosol prior to a `+/+' group activation. (b)
The kinetics of inhibition using DEVD-cho. Picomoles of 7AMC released by
muscle cytosol no.4 (the 6 mg protein, & in a) is shown without (*) or with
DEVD-cho (50 nM) (*). Data truncation at 12 min for the * in b was due to an
over-scale recording of fluorescence
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albumin (BSA) additions. In this experiment, it can be seen
that the muscle cytosols contained procaspases which
equalled the procaspase contribution made by the addition
of Jurkat S-100 cytosols. This increase in type-II caspase
activity was not due solely to enhanced protein-protein
interactions as BSA did not improve the diluted cytosol
response (+/+, dilute). The specificity of this additional
DEVD-AMC cleaving activity was tested using muscle
cytosol no. 4 (at the 6 mg protein level) added to the
Jurkat S-100 activation. The specificity was assessed by
using the active-site inhibitor of type-II caspases, DEVD-
aldehyde (DEVD-cho), during the cleavage assay (Figure
2b). The inhibitory, slow-binding kinetic profile which was
generated is similar to that which has been observed when
using purified caspase-3 with the same substrate-inhibitor
combination.15 This suggests that the muscle cytosol-
contributed DEVD-AMC cleavage activity was type-II
caspase-derived and not due to non-specific cleavage.
Based on these results, it can be concluded that the direct
holoCyt-c/dATP-mediated activation of type-II caspases
does not occur in human skeletal muscle S-100 cytosolic
fractions. This is not due to the presence of an endogenous
inhibitor of type-II caspases in these cytosols.

In view of these findings, we investigated muscle
cytosols for the presence of other protein components,
namely the APAF-1 and procaspase-9 proteins, which are
vital to the initial activation mechanism by holo-Cyt-c/dATP.
Immunoblot analysis of four enzymatically-evaluated
muscle S-100 cytosols demonstrated the absence of an
anti-APAF-1 immunoreactive 130 kDa protein (Figure 3).11

This protein was clearly present in control cytosols from
Jurkat T-cells (Figure 3). In contrast to the absence of
APAF-1, there is a clear demonstration of immunoreactive
procaspase-3 and -9 and in these same muscle cytosols
(Figure 3). Limited sample volume precluded Western
analysis of APAF-1 in muscle cytosol no. 5 and no. 6,
and for caspase-3 in cytosol no. 5.

To further confirm the absence of APAF-1 protein in this
tissue, we performed a kinetic analysis using RT ± PCR for
APAF-1 products on total RNA derived from a representa-
tive skeletal muscle biopsy. In the muscle sample, it can be
seen that a 26 cycle number PCR produced a very weak
743 bp band reflecting the APAF-1 cDNA-derived PCR

product (Figure 4). In addition, the presence of a PCR-
mediated cleavage product of 700 bp is evident in almost
all lanes of the muscle- but not the Jurkat-derived PCR
products. The generation of this product may indicate that
the APAF-1 template was limiting in this cDNA population
and that excess PCR-product annealed to this template
and became susceptible to the 5'-3' exonuclease activity of
Taq polymerase.16 As a comparative control, a Jurkat T-cell
cDNA-derived template generated a 743 bp PCR product at
the 22 cycle number. The integrity of the cDNAs derived
from both muscle and Jurkat cell samples was confirmed
by the use of primers specific for glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) which produced
equal 983 bp bands (Figure 4). Thus, this result suggests
that the absence of APAF-1 protein in human skeletal
muscle is due to a limiting number of APAF-1 transcripts.
Our results using RT ± PCR analysis confirm the observa-
tions of Zou et al which showed a very weak signal for
APAF-1 in human skeletal muscle by Northern hybridisa-
tion.11 Indeed, it is possible that the signal obtained for
APAF-1 mRNA in both reports is due to transcript-
containing vasculature and white blood cells in the biopsy
material.

Discussion

The absence of the APAF-1 protein and the suspect detection
of APAF-1 mRNA, coupled with the lack of direct Cyt-c/dATP-
mediated activation of type-II caspase activity, suggests that
human skeletal muscle may be refractory to certain
mitochondrial-mediated events leading to apoptosis. This
would occur due to a tissue-specific deficiency of one of the
critical components necessary for the holoCyt-c/dATP-
mediated activation of procaspase-9. The absence of
APAF-1 protein, in conjunction with an apparent low level of
fibre-specific CD9517 and a tissue-specific expression of the
ARC protein (apoptosis repressor with CARD), which inhibits
the FasL/TNF-mediated activation of procaspase-8,18 sug-
gests that normal human skeletal muscle is rather refractory to
most of the major effector-mediated pathways of caspase
activation presently understood. Indeed, one might argue that

Figure 3 Western blot analysis showing the comparison of Jurkat (Jurkat=*)
and muscle cytosol samples (no 1 ± 6) for the procaspase-9 (45 kDa),
procaspase-3 (32 kDa) and the APAF-1 (130 kDa) proteins

Figure 4 Ethidium bromide detection of PCR amplified products in a 1%
agarose gel. Products were generated from muscle and Jurkat derived-
cDNAs, top and bottom panels respectively. The G3PDH specific product of
983 bp is shown on the left and the APAF-1 product 743 bp is shown to the
right. The numbering at the top represents the cycle number at which product
was taken. The graphic representations of these two panels are derived from
the same gel. Note: In lane 1 of the Jurkat/G3PDH the samples, template was
omitted as a negative control
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an evolutionary advantage is gained by the downregulation of
a mitochondria-dependent stimulation of apoptosis, both in
view of the profusion of mitochondria in this tissue and by the
demonstration that strenuous activity normally results in
considerable acute mitochondrial swelling and/or degenera-
tion.19 This suggestion of tissue-specific privilege does not
preclude the possibility that an activation of procaspases may
occur by another separate and currently undefined triggering-
mechanism in skeletal muscle. However, the critical
importance of a holocytochrome c-dependent regulation of
an apoptosis inductive-mechanism in normal skeletal muscle
is made less significant by our findings.

The downregulation of APAF-1 expression is accom-
panied by other mechanisms known to be involved in
protection against the mitochondria-based release of
holocytochrome c. For instance, it has been suggested
that Bcl-XL/Bcl-2 prevents holoCyt-c expulsion from the
mitochondrion thus preventing caspase activation.8,20 It is
of interest to note that Bcl-2 is expressed only at low levels
in normal skeletal muscle, imparting some credence to the
possibility that holoCyt-c regulation is not critical as an anti-
apoptotic mechanism in this tissue.2 As there may be a
minimal requirement for Bcl-2 regulation of Cyt-c in muscle,
this tissue may provide an opportunity to reveal other non-
apoptosis related Bcl-2-family member functions.

Recently, research into skeletal muscle mitochondria
permeability transition pore (PTP) regulation suggests that
the pharmacological modulation of PTP in this tissue may
lead to numerous alterations in mitochondrial physiology
that potentially contribute to cell death.21 In light of our
present findings, the contribution of cytochrome c release to
direct pro-caspase activation will not be significant in
muscle tissues. However, the activation of redox-stress
mechanisms or mitochondrial-located procaspase-3 could
contribute to cell death.22,23 Similarly, in rat cardiac
myocytes the assumption has been made that cyt-c gene
activation by c-Jun may partially contribute to the
progression of compensatory hypertrophy in the heart
towards apoptosis.24 This assumption is also now less
likely as the cardiac tissue Northern blots performed by
Wang and co-workers11 also showed a weak APAF-1
mRNA signal similar to that seen in skeletal muscle. If
enzyme activation results and Western analyses are
consistent between skeletal muscle and cardiac myo-
cytes, then only a minimal contribution by APAF-1 would
be expected here as well. However, the difficulties in
attaining normal cardiac tissue biopsies will preclude the
confirmation of this speculation for at least the near future.

We are aware that several cytosolic, proteosomal-
complex and lysosomal-compartment proteases function
in the diseased state of skeletal-muscle-wasting. However,
these processes have been defined in diseases which have
attained an `equilibrium-status' of muscle-wasting. To our
knowledge, there are no data which indicate that
proteosomes or lysosomes function as early-inductive
events during muscle-fibre loss. However, the function of
calpain in skeletal muscle protein degradation has been
predicted by several studies and is most recently described
by Huang.25 This paper confirms that calplains are likely to
be the protease-system which mediates the bulk of specific

protein losses during muscle wasting disease. Unfortu-
nately, the paper deals with ongoing proteolytic events in
differentiated myoblast in culture and may not be
representative of inductive-events in the tissue. On the
other hand, Kinbara and coworkers,26 further reviewed by
Suzuki,27 describes the presence of a muscle-specific
calpain p94 which may be down-regulated during limb-
girdle muscular dystrophy. This results in the onset of other
proteolytic mechanisms and an ensuing muscle degrada-
tion. We find Kinbaras' finding extremely interesting as in
separate studies, conducted in our laboratory, we have
defined a specific role for calpain in non-apoptotic cultured
cells which includes a novel interproteolytic regulation of
procaspase-3 (unpublished observations). However, cur-
rently we have a limited understanding regarding the
regulation of caspases in tissues. Therefore, we are
hesitant to predict the involvement of the calpains in
skeletal muscle apoptosis-induction events until further
studies are performed.

Having defined that normal human skeletal muscle lacks
the ability to commit to apoptotic events via correct
assembly of the prerequisite apoptosome-activator,28 it is
tantalising to speculate that situations involving muscle
degeneration and/or alterations to fibre composition may
involve temporary or permanent activation of this pathway,
through up-regulation of APAF-1 expression. This is of
particular relevance during the loss of muscle mass
following bed-rest,29 in post-operative shock,30 in acute
muscle injury and the `over-training' syndrome in elite
athletes and in situations of weightlessness experienced by
astronauts.31 These possibilities await future investigation.

Materials and methods

Subjects

Skeletal muscle biopsies were obtained from seven healthy male
volunteer subjects, aged 25 ± 55. Prior to participation subjects were
informed of the nature of the biopsy procedure and possible risks
involved and each subject gave their consent. The study was
approved by the Ethics Committee at the Karolinska Institute.

Skeletal muscle biopsies

Muscle samples (60 ± 110 mg) were obtained, at rest, from the lateral
portion of the quadriceps femoris muscle (Vastus lateralis) by a
standard biopsy technique. The tissues were rapidly frozen in liquid
nitrogen and stored at 7808C until further preparation. The numbering
of muscle samples in Figures 2 and 3 refers to individual samples.

Cell culture

Jurkat cells (clone E6) were maintained in log-phase growth by regular
passage using RPMI 1640 media (Sigma), 10% heat-inactivated FCS,
2 mM L-glutamine and 100 IU/ml penicillin and 50 mg/ml streptomycin.

S-100 cytosol preparation

Cytosols were prepared according to Liu et al10 using a S-100
buffer (20 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2,

Skeletal muscle escapes cyt c-dependent activation of caspases
DH Burgess et al

259



1 mM Na-EDTA, 1 mM Na-EGTA, 1 mM DTT) supplemented with
protease inhibitors (100 mM PMSF, 25 mg/ml acLLnL, 5 mg/ml
pepstatin-A, 10 mg/ml leupeptin, 2 mg/ml aprotinin). Jurkat cells
were washed twice with ice-cold HBSS (phenol red-free) and
resuspended in a four-times cell pellet volume of ice-cold S-100
buffer. Incubations were on ice for 40 min with frequent tube
inversions for mixing. Cells were centrifuged at 1000 6g for 10 min
at 48C and the resultant supernatants were recentrifuged at 1056g
for 30 min at 48C. Cytosols were tested for caspase-induction using
either fresh or aliquoted samples which were stored at 7808C.
Frozen muscle biopsies were homogenised in S-100 buffer using a
plastic pestle in an eppendorf tube (1.8 ml) at 1.5 g/ml tissue. The
homogenate was centrifuged at 10006g for 10 min at 48C and the
resultant supernatants were recentrifuged at 3.06104g for 30 min at
48C. Cytosols were tested and stored as with Jurkat samples.
Protein determinations were performed spectrophotometrically at
562 nm using the BCA (bicinchroninic acid) Protein Assay reagent
from Pierce against a BSA standard.

Type-II caspase activation and assessment

Direct activation of type-II caspases was accomplished by the addition
of cytochrome c (400 nM, Sigma) and/or dATP (1 mM, Boehringer)
added separately (e.g.+) or together (+/+) to 20 ml of S-100 cytosols
(2 mg/l protein) containing 1 mM DTT on ice. Indirect activation
involved the supplementation of the above activation with either S-100
buffer, muscle or Jurkat cytosols normalised for protein content and
also containing DTT. Samples were incubated at 308C for 60 min and
immediately assayed for type-II caspase activity. Type-II caspase
activity was determined, in duplicate, using 9 ml (18 mg protein) of
cytosol with 50 ml of 50 mM acDEVD-AMC (Peptide Research Inst.)
prepared in a standard cleavage buffer (100 mM HEPES, 10%
sucrose, 0.1% CHAPS, 1 mM DTT, pH 7.5). In a 96-well kinetic format
fluorescent units (excitation 355 nm, emissions 460 nm) were
averaged and converted into pmoles-AMC (-AMC standard). The
maximum rate of -AMC release was determined empirically by
evaluating linear slopes (r240.985) for pmoles/min over a 33 min
period. Type-II caspase specificity was determined by including 50 nM
DEVD-aldehyde (DEVD-cho) within the 50 mM DEVD-AMC substrate
during the kinetic assay.

Immunoblot analysis

Samples were prepared by adding 56Laemmli buffer to S-100
cytosols (2 mg/ml protein) and boiling for 4 min. Typically, 20 mg of
protein was loaded per lane and procaspase-3, -9 and APAF-1 protein
separations were performed using 12% and 7.5% SDS ± PAGE
respectively. Western analysis of procaspase-3 were performed
using an anti-p17 rabbit polyclonal antibody (1 : 7000) generously
provided by Donald Nicholson, Merck-Frosst, Pointe-Claire Dorval,
Quebec, Canada. The anti-caspase-9 (1 : 2000) and anti-APAF-1
(1 : 7000) antibodies were kindly provided by Xiaodong Wang,
University of Texas Southwestern Medical Center at Dallas, Dallas,
Texas. Detection of all primary antibodies was by use of a goat anti-
rabbit-HRP (Pierce) and ECL (Amersham).

RT ± PCR analysis

RNA extraction Total RNA from Jurkat cells was extracted using a
RNeasy kit from QIAGEN, according to the manufacturers
recommendations. The total RNA from muscle biopsies was extracted
by a single-step method.32 One microgram of total RNA was reverse-
transcribed to cDNA in a total volume of 50 ml and PCR amplification

was performed using 5 ml of cDNA for each reaction. The collection of
PCR products was performed such that reactions were harvested
following several different numbers of cycles to ensure that the
exponential phase of amplification of each template could be
analyzed. This allows for the direct comparison of muscle versus
Jurkat templates for the G3PDH-mediated PCR as a positive control.
APAF-1- or caspase-9-mediated PCR was performed in the same
manner to assess the relative RNA levels in these tissues. The gene-
specific primer-pair used for amplification of APAF-1 gave a PCR
product of 743 bp in length (5'; CCCACTCAACAGCAAAGAGC and 3';
TGGAAGAACAGGTACGATTG) and for Caspase-9 gave a PCR
product of 193 bp (5 '; ATCCCTTTCACCGAAACAGC and 3 '
TATCTAGTTTGCCCACACCC).

DNA molecular weight markers were from Boehringer Mannheim
catalogue number 1062590.
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