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Neue Befunde zur Funktion der
Apoptose im Rahmen der Alterung
und bei alterns-assoziierter
Krankheit

Summary Programmed death
of cells by apoptosis is regarded as
a protective mechanism of the or-
ganism against an accumulation
and spread of defective cells. The
rate of apoptosis is elevated in
most types of aging cell popula-
tions. However, there are also
findings about a decreased sus-
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MAIN TOPIC

The role of apoptosis in aging
and age-related disease: update

ceptibility of senescent cells in vivo
and in vitro, particularly to apop-
tosis induced by oxidative and
energetic stress. Mitochondria ap-
pear to have a key function in
apoptosis regulation. Thus, apop-
tosis can be induced by defective
mitochondrial oxidative phos-
phorylation. The role of apoptosis
in aging and age-related disease
was outlined for different organs
(brain, cardio-vascular system,
immune system, intestine, macula
of the eye, Langerhans islets,
prostate gland, oocytes of ovaries).
The age-related intensification of
this dismantling system of cells
seems to highlight the deteriora-
tion of tissue and organ structure
and function in aging.

Key words Apoptosis -
aging - age-related disease

Zusammenfassung Der pro-
grammierte Zelltod durch Apop-
tose wird als Schutzmechanismus
des Organismus gegen Anhdufung
und Ausbreitung von geschidig-
ten Zellen gedeutet. Die Apopto-
serate ist in den meisten altern-
den Zellpopulationen erhoht. Je-

doch gibt es auch Befunde iiber
eine verminderte Anfilligkeit von
seneszenten Zellen in vivo und in
vitro gegen Apoptose, die insbe-
sondere durch oxidativen oder
energetischen Stress hervorgeru-
fen wird. Mitochondrien haben
offenbar eine entscheidende
Funktion bei der Apoptoseregula-
tion. So kann Apoptose durch
eine defekte mitochondriale oxi-
dative Phosphorylierung induziert
werden. Fiir verschiedene Organe
wurde ein Uberblick zur Rolle
von Apoptose im Rahmen der Al-
terung bzw. von alterns-assoziier-
ter Krankheit gegeben, und zwar
fiir Gehirn, Herz-Kreislauf-Sys-
tem, Immunsystem, Darm, Maku-
la des Auges, Langerhans-Inseln,
Prostata und Oozyten von Ova-
rien.

Die alterns-assoziierte Intensi-
vierung dieses Demontagesystems
von Zellen markiert offenbar die
im Alternsgang auftretende Ver-
schlechterung von Struktur und
Funktion von Geweben und Orga-
nen.

Schliisselwérter Apoptose —
Altern — Alterskrankheiten
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Introduction

Apoptosis is an evolutionary well-shaped and wide-
spread mechanism. Analysis of the programmed
death phenomena at various levels of biological or-
ganization, i.e.,, mitochondria (mitoptosis), cells
(apoptosis), organs (organoptosis) and organisms
(phenoptosis) may support Weismann‘s concept that
removal of unwanted or damaged elements could be
essential for the biological communities due to pre-
vention of appearance of asocial monsters capable
ruining the kin and entire community (36). Altruis-
tic programmed cell death may serve useful func-
tions not only in multicellular organisms but also in
protozoan and eukaryotic unicellulars, e.g., limiting
the spread of viral infection or donating nutrients to
kin cells. Apoptosis-like elimination of old or defec-
tive cells was shown to be common in eukayotic
yeast which used terminal sporulation factors and
autolysins for the old mother cells’ self-destruction.
However, programmed death mechanisms should be
absent in ,persistors, rare cells that are resistant to
self-killing to ensure population survival (22).

Age-associated changes of the genes involved in
apoptosis could be among the most prominent al-
terations of gene expression in aging. For instance,
the genome-wide microarray expression analysis of
11000 genes in the aging mice liver allowed the con-
clusion that aging was associated with alteration of
genes involved in decreased capacity for apoptosis,
cell-cycling, DNA replication and xenobiotic metabo-
lism and elevated inflammation, cellular stress, and
fibrosis. Caloric restriction reversed majority of
these alterations. Even short-term (4 weeks) caloric
restriction shifted the ,normo-aging“ genomic pro-
file of old control mice toward the ,,slow-aging® pro-
file characteristic for the chronically restricted ani-
mals (4).

Modulation of p53 and downstream p21 are pivo-
tal in regulation of apoptosis. p21 up-regulates mul-
tiple genes associated with senescence and age-re-
lated diseases, including atherosclerosis, Alzheimer’s
disease, amyloidosis, arthritis, etc. Induction of p21
triggers cyclin-dependent kinases’ inhibition and cell
growth arrest, whereas overexpression of p2l in-
duces phenotypic features of senescence. cDNA array
hybridization revealed that p21 expression selectively
inhibited a set of genes involved in mitosis, DNA re-
pair, replication, and segregation. Reexpression of
these genes causes reentry of cells into the cell cycle

(5).

Mitochondria

Mitochondria are known as key factors of apoptosis
regulation in aging. In cardiac muscle, CNS, kidney
or neurohumoral tissues, defective mitochondrial oxi-
dative phosphorylation caused by impaired electron
transport chain enzymes or lack of electron carrier
coenzyme Q10 may result in insufficient mitochon-
drial membrane potential and opening of the mito-
chondrial membrane pores, culminated by activation
of apoptosis (9). In embryos with homozygous disrup-
tion of the mitochondrial transcription factor A gene
(Tfam), severe respiratory chain deficiency in the
heart was associated with massive apoptosis. Further-
more, mitochondrial (mt) DNA-less cell lines were
also highly susceptible to apoptotic stimuli (41). The
rates of DNA fragmentation and apoptotic neuronal
death in the striatum of old mice were higher in re-
sponse to oxidative stress induced by a mitochondrial
toxin, 3-nitropropionic acid, whereas the activation of
DNA repair enzymes was attenuated (18). However,
apoptosis regulation can involve a variety of ,,unex-
pected players®, telomeres included. For instance, tel-
omerase activity and its essential catalytic subunit,
telomere reverse transcriptase (TERT), are expressed
in neurons of embryonic and early postnatal brains
and are down-regulated afterwards. Suppression of
TERT expression in cultured embryonic hippocampal
neurons increased their excitotoxicity and apoptosis,
whereas TERT overexpression suppressed apoptosis
induced by trophic factors withdrawal. TERT may be
a survival-promoting factor, exerting its anti-apopto-
tic effect at early stages of a cell’s programmed death,
prior to mitochondrial dysfunction and caspases acti-
vation (10).

During the last few years, apoptosis has been in-
tensively studied in the aging nervous, immune, car-
diovascular, endocrine, reproductive system, and
some other organs. The results of the relevant stud-
ies are briefly described below.

Brain

Excitatory glutamate-induced apoptosis may play an
important role in neurological diseases of aging. Ex-
posure of cerebellar granule cell cultures to gluta-
mate-induced apoptosis which was associated with ac-
tivation of NF-kappaB and p53, as well as p53-down-
stream genes p21, which inhibits different cyclin-de-
pendent kinases, and MSH2, which is involved in re-
cognition and repair of DNA mismatches. Pretreat-
ment of the cultures with aspirin, which inhibits NF-
kappaB, or with specific p53 antisense oligonucleo-
tide, which inhibits p53 transcription, resulted in
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complete prevention of glutamate-induced p53 activa-
tion and apoptosis (39). In general, p53-associated
apoptosis may be a common mechanism in neuronal
loss in the aging brain and age-related degenerative
diseases. Immunoreactive p53 was found in the hippo-
campus, septal region and cerebellum of aged but not
adult rats. Up-regulation of p53 in the Purkinje cells
may explain heavy losses of these cells in aging (6).

Expression of Bcl-2 is up-regulated in the hippo-
campus and cerebellum of intact aged (24 months)
Fischer 344 rats. In the group of young rats (3
months), the Bcl-2 up-regulation occurred after ex-
posure to 100% O, for 48 hours. Treatment with free
radical spin traps efficiently reversed the age-asso-
ciated Bcl-2 up-regulation, suggesting the role of re-
dox status in Bcl-2 expression (17) .

Up-regulation of neurotrophic factors can protect
against excessive apoptotic cell losses induced by neu-
rohumoral perturbations. In the dentate gyrus of
Fischer rats ranging from 2 to 26 months of age, adre-
nalectomy increased the number of apoptotic cells,
compared with sham-operated or corticosterone-
treated animals. In granule cells of the hippocampus,
glucocorticoid receptor activation increased apopto-
sis, whereas mineralocorticoid receptor activation
rendered neuroprotective effects. The opposing effects
of gluco- and mineralocorticoids on neuronal survival
could be explained by their ability to differentially ac-
tivate pro- and antiapoptotic genes. In contrast to
mineralocorticoids, glucocorticoids increased the ra-
tio of Bax to Bcl-2 or Bcl-xl and activated p53.
Although the same type shifts were observed for both
young and old animals, old subjects were more sus-
ceptible to the glucocorticoid-mediated apoptosis (1).

Rasagiline and structurally related (-)deprenyl or
propargylamines could be used as neuroprotective
agents in aging and age-related neurodegenerative
diseases, rescuing neurons from the activated mito-
chondrial apoptotic cascade. At chronic administra-
tion, rasagiline increased superoxide dismutase and
catalase activities and protected cells from neurotox-
in- or oxidative stress-induced apoptosis (26). Rasa-
giline protected dopaminergic neurons from apopto-
sis due to stabilization of the mitochondrial mem-
brane potential, prevention of oxidative stress, DNA
fragmentation, and activation of caspase 3. The
opening of permeability transition pores was pre-
vented even in isolated mitochondria (27).

Cardio-vascular system

There is increasing evidence of a relationship be-
tween apoptosis and cardiovascular diseases, partic-
ularly for the most frequent heart diseases in elderly

populations - ischemic heart disease and congestive
heart failure. It is assumed that prevention of apop-
tosis may decrease the incidence of cardiac failure
and elevate the survival of endothelial and smooth
muscle cells in the elderly (8).

When human vascular endothelial cells have been
serially passaged and aged in vitro, immunohisto-
chemical visualization of the growth fraction by
antisera to the proliferation marker pKi67 showed a
4.4% decline per population doubling without a sig-
nificant change of the cell cycle time. The number of
senescent cells assessed by beta-galactosidase activ-
ity increased by 6.5% for each population doubling,
significantly exceeding the 0.3% increase of apopto-
sis and suggesting rapid accumulation of senescent
cells in aging vascular endothelium (16).

Young (7 years) and old (20 years) Macaca fascicu-
laris were chronically instrumented for measurement
of the left ventricular and aortic pressures and cardiac
output. There was no evidence of atherosclerosis.
Moreover, no age-differences were found for total cho-
lesterol, triglyceride, fasting blood sugar, baseline aor-
tic pressure and total peripheral resistance. However,
the rate of apoptosis was higher in the old monkeys’
endothelial cells and correlated with reduced density
of endothelial cells in the femoral arteries and de-
pressed responses to acetylcholine (2).

In the heart of spontaneously hypertensive rats
(SHR), a significant increase of apoptosis began as
early as at 4 weeks of age and maintained high levels
throughout aging. The blood pressure increase pre-
ceded the activation of apoptosis, registered starting
from the 5™ week. The ratio Bax/Bcl-2, apoptosis
rate and fibroblast content were significantly elevated
in SHR, compared with normotensive animals of the
same strain. Ramipril, a caspase inhibitor, effectively
reduced the Bax/Bcl-2 ratio and apoptosis rate in
SHR (23).

Immune system

Apoptosis is vital in controlling cell number, deleting
self-reactive cells and maintaining immune surveil-
lance in aging. Natural killer (NK) cells are a critical
first barrier against viral infection and tumor devel-
opment. In adult (6 months) C57BL/6] mice, NK ac-
tivity was higher in both in vivo or in vitro stimula-
tion by interferon IFN-a/f, compared with old (24
months) animals. Flow cytometry revealed that IFN-
a/p binding was comparable in young and old ani-
mals. However, Fas (CD95) expression and Fas-acti-
vated cell death were higher in the old NK cells, sug-
gesting an apoptosis role in the declined NK-cyto-
toxicity in aging (31).



444 Zeitschrift fiir Gerontologie und Geriatrie, Band 34, Heft 6 (2001)

© Steinkopff Verlag 2001

Comparison of the lymphocytes derived from
young and old humans showed increased sensitivity
of both CD4+ and CD8+ cell subsets to TNF- and
Fas-mediated apoptosis. The higher sensitivity was
associated with overexpression of the death receptor
and adapter molecules, involved in cell death signal-
ing. The expression of initiator caspase 8 and effec-
tor caspase 3 was also increased in these cells. More-
over, the expression of both mRNA and protein of
Bax was increased and Bcl-2 decreased in the lym-
phocytes taken from elderly, suggesting the key role
of apoptosis in age-related lymphopenia and T cell
deficiency (13).

In spontaneous and activation-induced models,
the peripheral blood lymphocytes of elderly (over 60
years) showed higher rates of apoptotic cell accumu-
lation, compared with younger (less than 35 years)
individuals. Expression of Bcl-2 was increased in
aging and correlated with the number of apoptotic
cells. Treatment with oxidative stressor 2-deoxy-D-
ribose aggravated the age-changes of the lympho-
cytes’ apoptosis (35).

Using biopsy samples of the bone marrow obtained
from newborn to 100 year old patients, it was shown
that the cellularity did not change significantly with
age up to 80 years but decreased in the oldest (80-
100 years). The age-dynamics of cellularity was sup-
ported by opposite age-changes of proliferative capac-
ity and apoptosis in the oldest group where the rate of
apoptosis was significantly increased, whereas prolif-
erative capacity was decreased. The percentage of T
and B cells showed a peak at the sixth decade with a
gradual decline thereafter. In general, the data suggest
that hypocellularity in the bone marrow of the elderly
could be explained by higher rates of apoptosis, lead-
ing to decreased number of lymphocytes and macro-
phages in aging (30).

The rate of UVC-induced apoptosis, as assessed
by morphological changes, DNA fragmentation, and
Bcl-2 and Bax expression, in the culture of spleno-
cytes derived from young (3 months) rats was twice
lower, compared with old (24 months) animals (20%
versus 40%). Apoptosis in the splenocytes from old
rats often did not exhibit symptoms typical for pro-
grammed death, such as DNA fragmentation or Bcl-
2 down-regulation (33).

Endocrine system

Apoptosis is assumed to play an important role in
the manifestation of insulin-dependent and insulin-
independent diabetes mellitus. The study of pro- and
antiapoptotic peptides (Bak, Bax, Fas, Fas-ligand,
and Bcl-2) during the pre- and postnatal ontogenesis

revealed biphasic apoptotic activity in the Langer-
hans islets of rats. The first peak appeared at the
fifth day of postnatal life. The second phase began at
the age of 1 month and peaked at 18 months (14).

Growth, differentiation, and death of the prostate
gland cells is androgen dependent. However, in
aging these cells develop androgen independence,
and their survival does not require androgens, lead-
ing to the hypertrophy of dorsal and lateral lobes of
the prostate. Castration of young (4 months) and old
(24 months) rats induced apoptosis and tissue mass
loss. The rate of apoptosis was lower in all lobes of
the old prostate. The lower rates of apoptosis in the
dorsal and lateral lobes of prostate contribute to the
lobe-specific overgrowth of the old prostate (3).
Pharmacological intervention could be quite reward-
ing in treatment of the age-related prostate hypertro-
phy. In vitro effects of a-adrenoreceptor antagonists
terazosin and doxazosin have been examined as in-
hibitors of proliferation and inducers of apoptosis in
benign and malignant prostate tumor growth. The
drugs suppressed prostate growth due to inducing
apoptosis in a dose-dependent manner without an
effect on proliferation (19).

Intestine

Due to specific spatial and hierarchical organization,
the intestinal epithelium is an excellent model to study
stem cells. The intestinal stem cells are located at the
4™_5™ celly’ position from the bottom of the crypt
and can be studied together with their daughter cells,
as they divide, differentiate and migrate along the
crypt-villus axis. Stem cells may have a pivotal role
in aging since any senescent decline in them will im-
pair the capacity of renewal and turnover of the com-
mitted differentiated cells. The study of the stem cells’
ability to undergo apoptosis and regenerate the
epithelium after injury revealed that the stem cells
of old mice showed elevated levels of apoptosis and
fewer surviving crypts following exposure to ionizing
radiation. In the crypts of old animals, there was a
growth delay despite the higher number of cells sus-
ceptible to regeneration. Age-associated alterations
in the level of p53 and p21 expression suggested de-
fects in recognition of damage and initiation of apop-
tosis or repair of the damaged cells (32).

The study of age-associated alterations in mRNA
and protein expression of genes involved in regulation
of proliferation and apoptosis in the colonic epithe-
lium of Fischer 344 rats exhibited significantly higher
expression of Bax in aging. The Bax expression was
especially high in the upper part of a crypt. No signif-
icant changes were found for p53 and proliferation,
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suggesting the elevated levels of Bax as a factor pro-
moting apoptosis in the aging colonic cripts (21).

Western-style diets are capable of triggering and
developing dysplastic crypts and early stages of tu-
morogenesis in the colon. During the second half of
a rodents’ life span, feeding of Western-style diets
resulted in activation of apoptosis at the base but
not in the upper third of the crypt or in the surface
epithelium (34).

Reproductive system

The majority of human oocytes present in fetal ova-
ries are depleted by apoptosis before birth, and only
400 will ovulate during the fertile period of life. In
fact apoptosis and expression of Bcl-2 and Bax were
preserved throughout fetal and adult ovarian follicles
(40). Apoptotic alterations could be a reason for low-
er fertility in old women. In three age-groups (20-31
years, 31-40 years, and 41-50 years) of healthy
women, apoptosis was registered in 17%, 38%, and
52% of oocytes, respectively. Incubation of human
oocytes for 32-120 hours resulted in maturation and
apoptosis. The rate of maturation was the highest in
the young age-group and the lowest in the old age-
group. In contrast, the rate of apoptosis was lower in
oocytes taken from younger women. Apoptotic oo-
cytes exhibited typical morphology of programmed
cell death, including cell shrinkage, cytoplasm con-
densation, DNA fragmentation, membrane blebbing,
and cell fragmentation into apoptotic bodies (43).
However, donation of oocytes from younger to
middle-aged women abrogated the effect of aging on
fertility, suggesting that oocytes could be the major
cause of reproductive aging. The results of experi-
ments with mouse zygotes suggested that cytoplasm,
and most likely mitochondria, may play a central
role in developmental and oxidative stress-induced
apoptosis in the zygotes (24). In fact oxidative stress
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