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Abstract: To assess the dependence on age of the expression of apoptosis
regulatory proteins in the human semitendinosus muscle, we measured the
expression levels of several apoptosis-related genes, including apoptosis-
inducing factor (AIF), Bax, Bcl-2, caspase-3 and heat shock protein 70 (HSP70),
using RT-PCR, immunohistochemistry and TUNEL assays. We found that the
DNA fragmentation was proportional to the age of the tissues sample donors.
The expression levels of AIF were significantly elevated (by 10 to 25%) in
semitendinosus tissue samples from older individuals, but the Bax, Bcl-2,
caspase-3 and HSP 70 levels remained almost constant. This data suggests that
the morphological and functional changes observed in aged human
semitendinosus muscle correlates with the apoptosis of muscle cells through the
induction of AIF.
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INTRODUCTION

The normal aging of human skeletal muscle is accompanied by muscle loss, and
apoptosis appears to play an important role in this process. However, the role of
skeletal muscle apoptosis as a causative mechanism in the aging of the human
semitendinosus muscle has not yet been investigated. Skeletal muscles in the
human body increasingly lose mass during the aging process, and several studies
have demonstrated the role of apoptosis in this loss of muscle mass and function
in the normal aging of skeletal muscle [1-6]. In addition, skeletal muscle aging is
associated with an increased liability to injury, inflammation and oxidative
stress, all of which trigger the apoptotic process [7-9]. The damaging effects of
muscle degradation and function are greater in aged muscles, and recent studies
on mammals demonstrated that aged skeletal muscles have increased amounts of
apoptotic cells [10, 11].

Apoptosis occurs via specific signaling pathways, eventually leading to DNA
fragmentation, nuclear condensation, proteolysis and cell fragmentation [12, 13].
In general, apoptosis can be triggered in a cell through either the extrinsic
pathway or the intrinsic pathway. The intrinsic pathway is triggered by cellular
stress, specifically mitochondrial stress caused by factors such as DNA damage
and heat shock. The relative ratios of the various bcl-2 proteins can largely
determine how much cellular stress is necessary to induce apoptosis. Following
its formation, the complex activates caspase-9, an initiator protein. The activated
caspase-9 works together with the complex of cytochrome ¢, ATP and Apaf-1 to
form an apoptosome, which activates caspase-3, the effector protein that initiates
degradation. The extrinsic pathway is initiated through the stimulation of death
receptors, such as the Fas receptors, located on the cell membrane [14-20]. The
release of apoptosis-inducing factor (AIF) and endonuclease G from the
mitochondria [21-24] can produce DNA fragmentation and apoptosis, following
their translocation to the nucleus [1, 25]. This provides an alternative and more
direct cell death pathway. In the mitochondrial pathway, p53 can induce
apoptosis by regulating the proteins of the Bcl-2 family [26] as a response to
cellular stress or DNA damage. AIF is a mitochondrion-derived pro-apoptotic
factor that, following its release and translocation to the nucleus, works
independently of caspase activity [27]. Its increased levels in aged
gastrocnemius muscles suggest that apoptotic potential increases with age [28].
Heat shock proteins (HSPs) play a role as anti-apoptotic proteins by inhibiting
apoptosome formation and also by acting as an antagonist of AIF [29]. The other
major pathway in apoptosis is a caspase-dependent mechanism, in which the
initiator caspases (caspases-8 and -9) activate the effector caspases (caspases-3,
-6, and -7), and are responsible for beginning the cascade to cell disassembly
[18, 30, 31].

In this study, we chose to examine and compare the level of apoptosis in the
muscles of 10- to 40-year olds, as changes observed between these age groups
are likely to reflect aging-related muscle degeneration. To determine the key
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players associated with the aging-related process, we selected markers of muscle
proteolysis based on the results of previous studies, as follows: caspase-3, Bax,
B-cell leukemia/lymphoma (Bcl-2), AIF and Hsp70.

MATERIALS AND METHODS

Muscle sampling

Samples of the semitendinosus muscles were collected from 10-, 20-, 30- and
40-year old men who were undergoing anterior cruciate ligament reconstruction
involving semitendinosus and autograft tendons. Six muscle samples were
analyzed for each age group. All of the human subjects were healthy with no
muscle-related clinical conditions. The muscle tissue was prepared from the
musculotendinosus junction, mounted, immediately frozen in liquid nitrogen and
stored at -80°C for the immunohistochemical and biochemical analyses. Ethical
consent was obtained from the Kyung Hee Medical Center Institutional Review
Board .

Histology

Human semitendinosus muscle tissue samples (n = 6 for each age group) were
fixed in 4% paraforaldehyde, embedded in O.C.T. compound, divided into 15-um
thick sections, and stained with hematoxylin and eosin Y (H&E).

In situ TdT-mediated dUTP nick end-labeling staining

TUNEL assays were performed to detect DNA strand breaks using a commercial
kit following the protocol provided by the manufacturer (Chemicon
International, Temecula, CA, USA). Briefly, 15-um thick sections of skeletal
muscles (n = 6 for each age group) were mounted onto Silane-coated glass
slides. The dehydrated sections were treated first with 20 pg/ml DNase-free
Proteinase K (Sigma-Aldrich Corporation, St. Louis, MO, USA) to retrieve
antigenic epitopes, then with 3% H,O, to quench endogenous peroxidase
activity. Free 3’-OH termini were labeled with digoxigenin-dUTP for 1 h at
37°C utilizing a terminal deoxynucleotidyl transferase reaction mixture.
Incorporated digoxigenin-conjugated nucleotides were detected using a horseradish
peroxidase-conjugated anti-digoxigenin antibody and 3,3’-diaminobenzidine. The
dehydrated sections were cleared in xylene, mounted with Canada balsam, and
enclosed with coverslips.

Immunohistochemistry

Sections of 15-um thick frozen muscle tissue (n = 6 for each age group) were
mounted onto Silane-coated glass slides and fixed in 4% paraformaldehyde
(Sigma-Aldrich Corporation) for 1 h at 4°C. Endogenous peroxidase activity was
blocked by immersing the sections in 3% H,0O, in 100% methanol for 15 min.
All of the samples were incubated in 10% normal donkey serum (NDS) in PBS
for 1 h at room temperature, and then incubated with antibodies against caspase-
3 for the detection of the pro form and active form of caspase-3 (diluted 1:100;
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Cell Signaling Technology, Inc., Danvers, MA, USA) and AIF (diluted 1:100;
Cell Signaling Technology, Inc., Danvers, MA, USA). Serial sections were used
alternatively for the detection of caspase-3 and AIF. The immunohistochemical
procedures used antibodies from several sources to establish antibody specificity
and confirm immunostaining and protein expression. The activated caspase-3
immunohistochemistry worked well without requiring any special pretreatment
procedures, except routine heat antigen retrieval. Primary antibody binding was
visualized using peroxidase-labeled donkey anti-rabbit antibody (diluted 1:100;
Jackson ImmunoResearch Inc., West Grove, PA, USA) with 0.05% 3,3-di-
aminobenzidine tetrahydrochloride and 0.01% H,O, as the substrate. After
staining, the sections were dehydrated, cleared in xylene, and then mounted with
Canada balsam mounting medium.

Extraction of total RNA and reverse transcriptase PCR

Frozen semitendinosus muscle was homogenized on ice in 1 ml of ice-cold
TRIzol Reagent (Invitrogen Corporation, Carlsbad, CA, USA). The total RNA
was solubilized in RNase-free H,O and quantified twice by measuring the
optical density (OD) at 260 nm. cDNA was synthesized from 2 ug of total RNA,
and reverse transcription (Promega Corporation, Madison, WI, USA) was
performed at 42°C for 1 h following incubation at 95°C for 5 min. cDNA
amplification was carried out according to the following procedure: at 95°C for
1 min, at 56°C (B-actin) or 58°C (AIF, caspase-3, Bacl-2, and Bax) for 1 min, at
72°C for 1 min. 26 to 40 cycles were run, and the reaction was prolonged for 10 min
at 72°C. Primers were constructed from the published sequences (Tab. 1). The

Tab. 1. The primers used for semi-quantitative RT-PCR amplification of cDNA.

Product Sequence (z (/:\) Cycle PCR length

(bp)
F: 5 AGACGATCCCAAATAATGCAG 3’
AIF 58 26 163
R: 5 TAGCTCTAGGTGAGTCTTGG 3’

Caspase-3 F: 5> CGAAATTCAAAGGATGGCTCCTGGTT 3 58 40 104

R: 5> CGGTTAACCCGGGTAAGAAATGTGCAT 3’

F: 5> GCACGCTGGGAGAAAGGGTACGAT 3’
Bcl-2 58 40 98
R: 5 CACATCTCCAGCATCCCACTCGTA 3’

F: 5> TGCCTCAGGATGCGTCCACCAA 3’
Bax 58 40 96
R: 5" CGGCAATCATCCTCTGCATGCTCCAT 3°

F: 5> CATGGTGCTG ACCAAGATGA AGGAGAT 3’
HSP70 63 30 374
R: 5> GCGCAGCCGC CTCACGGCTC CCAGCCTGTT 3’

F: 5> TCATGAGTGTGACGTTGACATCCGT 3’

p-actin R: 5’ CCTAGAAGCATTTGCGGTGCACGATG 3’ =l E e

T, annealing temperature; bp, base pair.

PCR products were separated on 1.5% agarose gels, visualized by ethidium
bromide staining using the i-MAX gel image analysis system (CoreBioSystem,
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Seoul, Korea), and analyzed using Alpha Ease™ FC software (Alpha Innotech
Corporation, San Leandro, CA, USA).

Statistical analysis

The statistical analysis was performed using GraphPrism 4.0.3 software
(GraphPad Software, Inc., San Diego, CA). All the data is presented as the mean
standard deviation (SD), and a Student’s t-test was used to compare group
means. The caspase-3, AIF antibody and TUNEL assays were observed with
light microscopy at x200. Images were captured on a Zeiss fluorescent
microscope and myofibers were counted and measured using Axiovision 4
software (Zeiss).

RESULTS

Morphological characteristics

We used hematoxylin and eosin (H&E) staining to examine the morphological
changes induced by aging-related apoptosis in human male semitendinosus
muscle (Fig. 1a-d). The detection of large quantities of nuclei is a distinctive
feature of necrosis, so H&E staining was conducted to observe the amount of
nuclei produced. None of the tissues showed evidence of necrosis. Nuclear DNA
breaks in the skeletal muscle tissue were detected using TUNEL staining to
estimate the extent of apoptosis. Apoptotic cells were identified via careful
observation of TUNEL-stained sections and serial H&E-stained sections because
some necrotic cells could be also TUNEL-positive.
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Fig. 1. Morphological changes in human semitendinosus muscle. A — H&E staining.
B — Staining of fragmented DNA in frozen sections of skeletal muscle using the TUNEL
method. a, e —age 10; b, f— age 20; ¢, g — age 30; d, h — age 40. Arrows indicate stained
nuclei and apoptotic myonuclei. The images were obtained at an objective magnification of
%x200. Scale bars = 150 pum.
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Apoptosis detection

The results of the TUNEL staining showed higher numbers of muscle fibers
which were positively stained for DNA fragmentation in 40-year old individuals
(Fig. 1h) than in 10-year old individuals (Fig. 1e). For the assessment of TUNEL
staining, the number of positive cells was counted and an average value was
calculated for each experimental group (Tab. 2). The size (mm®) of each area

Tab. 2. Apoptotic cell counts in human semitendinosus muscle.

Age (y) 10 20 30 40

TUNEL-positive cells/HPF (x400) 0.72+022 229+145 522+2.15% 12.42 +5.78 **

Values are means + SE, * — 10 versus 30 years old, p < 0.05, ** — 10 versus 40 years old, p < 0.005
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Fig. 2. The expression of the AIF and caspase-3 genes. A — The immunoreactivity and
mRNA levels of AIF (a-d) and caspase-3 (e-h) in human semitendinosus muscle. The arrows
indicate AIF-positive muscle cells. a, e — age 10; b, f — age 20; c, g — age 30; d, h — age 40;
d” — higher magnifications of images for age 40. The images were obtained at an objective
magnification of x200. Scale bars = a-h — 150 pm and d” — 100 pum. B — A quantification of
PCR signals obtained using a densitometric analysis of the signal product optical density
(OD). The bands were quantified by normalization to those from the 10-year old individuals.
*p < 0.05, normalized to 10-year old muscles.
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containing TUNEL-positive cells and the width (um) from the border of the
infarction core were measured with a microruler at a magnification of x100. The
number of apoptotic cells was counted three times at the sectors under a high
power (x400) light microscope, and their means were calculated and recorded as
the number of cells per high-power field (cells’HPF).

Apoptosis-related factor protein and mRNA expression in muscle

Since caspase-3 and AIF play pivotal roles in apoptosis, we tested whether AIF
and caspase-3 are involved in this process (Fig. 2). The results indicated an
increase of approximately 127 + 8% in the AIF mRNA levels in the 40-year old
subjects compared to the levels for the 10-year old subjects (Fig. 2A: a-d, 2B).
Our results show that expressed caspase-3 is mostly found in the cytosol of
apoptotic cells, as they display typical apoptotic morphological changes,
although those cells did not show nuclear immunostaining (2A: e-h). Caspase-3
expression measured by IHC did not increase with age, and there was no change
in the level of caspase-3 mRNA expression measured by RT-PCR in the 40-year
old subjects compared to the 10-year olds (113 £ 9% vs 100 + 8%). Bcl-2 and
Bax expression respectively decreased to 85 £ 11% and 91 £ 12% in the 40-year
olds (all p < 0.05 vs 10-year olds), while the Bcl-2/Bax ratio did not change
between the 10- and 40-year olds (100 £ 11% vs 105 + 16%; Fig. 3). The
expression of Hsp70, which is known to prevent apoptosis, decreased in the
skeletal muscle with age (100 + 11% in 10-year olds, 68 = 8% in 20-year olds,
72 £ 2% in 30-year olds and 82 + 12% in 40-year olds).
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Fig. 3. The expression levels of the mRNAs of apoptotic genes associated with the
mitochondrial pathway. Bax, Bcl-2, Bcl-2/Bax ratio and HSP70 mRNA levels were
estimated using RT-PCR. A quantification of the PCR signals was performed using
a densitometric analysis of the signal product optical density (OD). The bands were
quantified by normalization to those from the 10-year old individuals.
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DISCUSSION

Here, we report on the induction of apoptosis in human semitendinosus muscles
as estimated by the TUNEL assay and assays of apoptotic regulatory factors,
including Bcl-2, Bax, caspase-3, AIF and HSP 70. Recent studies have identified
some of the apoptotic proteins that may contribute to the induction of apoptosis
in aged skeletal muscle [1, 5]. We chose skeletal muscle samples from middle-
aged individuals because degeneration begins around middle age, and the
organism has no self-renewal activity for the maintenance of skeletal muscle
cells. Using H&E staining, we examined the morphological changes induced by
aging in human semitendinosus muscles. The detection of large quantities of
nuclei is a distinctive feature of necrosis. H&E staining was conducted to
observe the amount of nuclei produced, and none of the tissues showed evidence
of necrosis. Since DNA fragmentation due to cleavage is one of the most
important biochemical hallmarks of programmed cell death [32], our study is
important in demonstrating an increase in apoptosis, as determined by apoptotic
DNA fragmentation, in the semitendinosus muscle of individuals ranging in age
from 10 to 40 years old. These results are similar to those showing an age-
related increase in the incidence of apoptosis as measured by the TUNEL assay
in human skeletal muscle [33, 34].

Caspase-3 activation can lead to cleavage of the DNA repair protein poly(ADP-
ribose) polymerase (PARP), and eventually, DNA fragmentation and cell death
[16]. We showed that caspase-3 was not activated in the skeletal muscle
(Fig. 2A: e-h, 2B) and that there was no significant change in caspase-3 activity
related to aging. This could be because in apoptosis in the skeletal muscles,
cytochrome c initiates the caspase-dependent apoptotic pathway, whereas AIF
and EndoG induce cell death independently of caspase activation [28].
By contrast, using RT-PCR we found that aged skeletal muscles were associated
with increased expression of AIF, indicative of the activation of caspase-
independent cell death. AIF is a principal mediator of cell death, because the
apoptotic signaling pathways may converge at this point. AIF resides in the
mitochondria, and upon stimulation, translocates to the nucleus to induce DNA
fragmentation in a caspase-independent manner [22, 25]. We found that AIF
activity increased with age, and was especially well characterized in samples
from 40-year old individuals. This is similar to the results of Dirks and
Leeuwenburgh [28], who demonstrated an increase in AIF in a plantaris
homogenate. These results indicate a possible role for the AIF apoptotic-
signaling pathway in increasing the apoptotic tendency of aged skeletal muscle.
The relevance of caspase-independent apoptosis to age-related muscle was
supported by a positive nuclear content of AIF and the extent of apoptotic DNA
fragmentation.

The Bcl-2 family of proteins plays a key role in regulating the mitochondrial
release of apoptotic mediators, regardless of age, with Bcl-2 being anti-
apoptotic, while Bax is pro-apoptotic [12, 26]. In a recent study, anti-apoptotic
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Bcl-2 and pro-apoptotic Bax were shown to be involved in apoptosis during the
aging of skeletal muscles in rats [34]. We determined whether there were any
changes in the anti-apoptotic (Bcl-2) and pro-apoptotic (Bax) proteins with age,
and determined the Bcl-2/Bax ratio. Bcl-2 and Bax expression respectively
decreased to 85 £ 11% and 91 £+ 12% in the 40-year old subjects (p < 0.05 vs
10-year olds), while the Bcl-2/Bax ratio did not change between the 10- and
40-year olds (100 = 11% vs 105 £+ 16%). These results are consistent with those
from a previous study showing that caspase-3 expression, the Bcl-2/Bax ratio
and the level of cytochrome ¢ release did not increase in the gastrocnemius
muscles of old rats, even though the degree of apoptosis did increase [1].

Heat shock proteins play an important role in helping cells to cope with many
stresses [36, 37], and recent studies have identified mechanisms of HSP70-
mediated inhibition of AIF-dependent cell death [38], and an increase in the
level of HSP70 in aged gastrocnemius muscle in old rats, which might represent
a compensatory mechanism in reponse to pro-apoptotic signaling [21, 29]. We
proposed that the level of HSP70 would increase in cases of AIF-dependent cell
death of semitendinosus muscle. Previous studies showed that a decreased level
of HSP70 was observed in aged female Wistar rats compared to young adult rats
[39]. In our study, the decrease of HSP70 expression from the 10- to 40-year old
skeletal muscle may suggest that it was insufficient to prevent the apoptotic
process from damage or various stresses. However, this observation needs to be
clarified via further investigation. This result and the discrepancy between the
studies may be explained as a result of differences in species, muscle
compartment and subject age.

CONCLUSION

Our data shows that the level of apoptosis increased in human semitendinosus
muscle with age. The involvement of apoptotic pathways in the aging process is
suggested by the selective alterations in the apoptotic regulatory factors Bax,
Bcl-2, AIF, caspase3 and HSP70. The increased expression of AIF suggests
a relationship between AIF and the aging-related apoptotic process. The
involvement of different apoptotic pathways in the aging process is suggested by
the selective alterations in the apoptosis regulatory proteins. Molecular
mechanisms by which AIF interacts with apoptosis regulatory factors in young
and aged skeletal muscle remain to be elucidated in further studies.
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20009.



10

Vol. 15. No. 1. 2010 CELL. MOL. BIOL. LETT.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

Dirks, A. and Leeuwenburgh, C. Apoptosis in skeletal muscle with aging.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 282 (2002) R519-R527.
Welle, S., Brools, A.L., Delehanty, J.M., Needler, N. and Thornton, C.A.
Gene expression profile of aging in human muscle. Physiol. Genomics 14
(2003) 149-159.

Faulkner, J.A., Davis, C.S., Mendias, C.L. and Brooks, S.V. The aging of
elite male athletes: age-related changes in performance and skeletal muscle
structure and function. Clin. J. Sport Med. 18 (2008) 501-507.

Lavendera, A.P. and Nosakab, K. Changes in markers of muscle damage of
middle-aged and young men following eccentric exercise of the elbow
flexors. J. Sci. Med. Sport 11 (2008) 124-131.

Marzetti, E., Groban, L., Wohlgemuth, S.E., Lees, H.A., Lin, M., Jobe, H.,
Giovannini, S., Leeuwenburgh, C. and Carter, C.S. Effects of short-term GH
supplementation and treadmill exercise training on physical performance
and skeletal muscle apoptosis in old rats. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 294 (2008) R558-567.

Nikoli¢, M., Bajek, S., Bobinac, D., Vrani¢, T.S. and Jerkovi¢, R. Aging of
human skeletal muscles. Coll. Antropol. 29 (2005) 67-70.

Zerba, E., Lomorowski, T.E. and Faulkner, J.A. Free radical injury to
skeletal muscles of young, adult, and old mice. Am. J. Physiol. 258 (1990)
(C429-435.

Lexell, J., Taylor, C.C. and Sjostrom M. What is the cause of the ageing
atrophy? Total number, size and proportion of different fiber types studied in
whole vastus lateralis muscle from 15- to 83-year-old men. J. Neurol. Sci.
84 (1998) 275-294.

Mcardle, A. and Jacson, M.J. Exercise, oxidative stress and ageing. J. Anat.
197 (2000) 539-542.

Dupont-Versteegden, E.E. Apoptosis in skeletal muscle and its relevance to
atrophy. World J. Gastroenterol. 12 (2006) 7463-7466.

Marzetti, E. and Leeuwenburh, C. Skeletal muscle apoptosis, sarcopenia and
frailty at old age. Exp. Gerontol. 41 (2006) 1234-1238.

Meglara, A., Jackson, M.J. and Meardle, A. Programmed cell death in
skeletal muscle. Biochem. Soc. Trans. 26 (1998) S259.

Higami, Y. and Shimokawa, I. Apoptosis in the aging process. Cell Tissue
Res. 301 (2000) 125-132.

Green, D.R. and Reed, J.C. Mitochondria and apoptosis. Science 281 (1998)
1309-1312.

Jiang, X. and Wang, X. Cytochrome c-mediated apoptosis. Annu. Rev.
Biochem. 73 (2004) 87-106.

Cohen, G.M. Caspases: the executioners of apoptosis. Biochem. J. 15
(1997) 1-16.



CELLULAR & MOLECULAR BIOLOGY LETTERS 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kumar, S. Mechanisms mediating caspase activation in cell death. Cell
Death Diff. 6 (1999) 1060-1066.

Zhang, Y., Chong, E. and Herman, B. Age-associated increases in the
activity of multiple caspases in Fisher 344 rat organs. Exp. Gerontol. 37
(2002) 777-789.

Zhang, J.H., Zhang, Y. and Herman, B. Caspases, apoptosis and aging.
Ageing Res. Rev. 2 (2003) 357-366.

Adhihetty, P.J. and Hood, D.A. Mechanisms of apoptosis in skeletal muscle.
Basic Appl. Myol. 13 (2003) 171-179.

Susin, S.A., Lorenzo, HK., Zamzami, N., Marzo, 1., Snow, B.E., Brothers,
G.M., Mangion, J., Jacotot, E., Costantini, P., Loeffler, M., Larochette, N.,
Goodlett, D.R., Aebersold, R., Siderovski, D.P., Penninger, J.M. and
Kroemer, G. Molecular characterization of mitochondrial apoptosis-inducing
factor. Nature 397 (1999) 441-446.

Li, LY., Luo, X. and Wang, X. Endonuclease G is an apoptotic DNase
when released from mitochondria. Nature 421 (2001) 95-99.

Candé, C., Cohen, I., Daugas, E., Candé, C., Cohen, I., Daugas, E.,
Ravagnan, L., Larochette, N., Zamzami, N. and Kroemer, G. Apoptosis-
inducing factor (AIF): a novel caspase independent death effector released
from mitochondria. Biochimie 84 (2002) 215-222.

Candé, C., Vahsen, N., Garrido, C. and Kroemer, G. Apoptosis- inducing
factor (AIF): caspase-independent after all. Cell Death Differ. 11 (2004)
591-595.

Daugas, E., Susin, S.A., Zamzami, N., Ferri, K.F., Irinopoulou, T.,
Larochette, N., Prévost, M.C., Leber, B., Andrews, D., Penninger, J. and
Kroemer, G. Mitochondrio-nuclear translocation of AIF in apoptosis and
necrosis. FASEB J. 14 (2000) 729-739.

Cory, S. and Adams, J.M. The Bcl-2 family: regulators of the cellular life-or
death switch. Nat. Rev. Cancer 2 (2002) 647-656.

Daugas, E., Nochy, D., Ravagnan, L., Loeffler, M., Susin, S.A., Zamzami,
N. and Kroemer, G. Apoptosis-inducing factor (AIF): a ubiquitous
mitochondrial oxidoreductase involved in apoptosis. FEBS Lett. 476 (2000)
118-123.

Marzetti, E., Wohlgemuth, S.E., Lees, H.A., Chung, H.Y., Giovannini, S.
and Leeuwenburgh, C. Age-related activation of mitochondrial caspase-
independent apoptotic signaling in rat gastrocnemius muscle. Mech. Ageing
Dev. 129 (2008) 542-549.

Gurbuxani, S., Schmitt, E., Cande, C., Parcellier, A., Hammann, A., Daugas,
E., Kouranti, 1., Spahr, C., Pance, A., Kroemer, G. and Garrido, C. Heat
shock protein 70 binding inhibits the nuclear import of apoptosis-inducing
factor. Oncogene 22 (2003) 6669-6678.

Thornberry, N.A. and Lazebnik, Y. Caspases: enemies within. Science 281
(1998) 1312-1316.



12

31.

32.

33.

34.

35.

36.

37.

38.

39.

Vol. 15. No. 1. 2010 CELL. MOL. BIOL. LETT.

Fuentes-Prior, P. and Salvesen, G.S. The protein structures that shape
caspase activity, specificity, activation and inhibition. Biochem. J. 384
(2004) 201-232.

Hewitson, T.D., Bisucci, T. and Darby, [.A. Histochemistry localization of
apoptosis with in situ labeling of fragmented DNA. Methods Mol. Biol. 326
(2006) 27-34.

Strasser, H., Tiefenthaler, M., Steinlechner, M., Eder, 1., Bartsch, G. and
Konwalinka, G. Age dependent apoptosis and loss of rhabdosphincter cells.
J. Urol. 164 (2000) 1781-1785.

Whitman, S.A., Wacker, M.J.,, Richmond, S.R. and Godard, M.P.
Contributions of the ubiquitin-proteasome pathway and apoptosis to human
skeletal muscle wasting with age. Pflugers Arch. 450 (2005) 437-446.

Siu, P.M., Pistilli, E.E. and Always, S.E. Apoptotic responses to hindlimb
suspension in gastrocnemius muscles from young adult and aged rats. Am.
J. Physiol. Integr. Comp. Physiol. 289 (2005) R1015-1026.

Parsell, D.A. and Lindquist, S. The function of heat-shock proteins in stress
tolerance: degradation and reactivation of damaged proteins. Annu. Reyv.
Genet. 27 (1993) 437-496.

Nollen, E.A. and Morimoto, R.I. Chaperoning signaling pathways:
molecular chaperones as stress-sensing 'heat shock' proteins. J. Cell Sci. 115
(2002) 2809-2816.

Garrido, C., Gurbuxani, S., Ravagnan, L. and Kroemer, G. Heat shock
proteins: endogenous modulators of apoptotic cell death. Biochem.
Biophys. Res. Commun. 286 (2001) 433-442.

Vasilaki, A., Jackson, M. J. and McArdle, A. Attenuated HSP70 response in
skeletal muscle of aged rats following contractile activity. Muscle Nerve 25
(2002) 902-905.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /POL ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


