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Abstract

Alteration of apoptotic activity has been observed in a number of tissues in aging mammals, but it remains unclear whether and/or how
apoptosis may affect aging. Caspase-2 is a member of the cysteine protease family that plays a critical role in apoptosis. To understand the impact of
compromised apoptosis function on mammalian aging, we conducted a comparative study on caspase-2 deficient mice and their wild-type
littermates with a specific focus on the aging-related traits at advanced ages. We found that caspase-2 deficiency enhanced a number of traits
commonly seen in premature aging animals. Loss of caspase-2 was associated with shortened maximum lifespan, impaired hair growth, increased
bone loss, and reduced body fat content. In addition, we found that the livers of caspase-2 deficient mice had higher levels of oxidized proteins than
those of age-matched wild-type mice, suggesting that caspase-2 deficiency compromised the animal’s ability to clear oxidatively damaged cells.
Collectively, these results suggest that caspase-2 deficiency affects aging in the mice. This study thus demonstrates for the first time that disruption

of a key apoptotic gene has a significant impact on aging.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Apoptosis is a genetically programmed mechanism that
control cell death (Zhang and Herman, 2002a). Two well-
documented apoptotic paradigms are the extrinsic and intrinsic
pathways of apoptosis. The extrinsic pathway, exemplified by
Fas ligand-induced apoptosis, is achieved by sequential
activation of initiator and executioner caspases without the
involvement of mitochondria. The intrinsic pathway is
mediated by mitochondria, which propagate apoptotic signals
by releasing the proapoptotic factors such as cytochrome c that
activate downstream executioner caspases.

Apoptosis is implicated in a number of diseases such as
neuronal degenerative diseases that are prevalent in the elderly
(Zhang and Herman, 2002a). A number of studies have found
age-dependent changes of apoptotic cell death in various tissues
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in rodents (Taglialatela et al., 1996; Fujino et al., 1996; Adams
and Horton, 1998; Muskhelishvili et al., 1995; Higami et al.,
1997). In addition, the activity of caspases, the key mediator of
apoptosis, was found to be increased in multiple organs in old
rodents (Zhang et al., 2002b). At present, it remains unclear
whether and/or how apoptosis may affect aging.

Addressing this issue requires the utilization of animal
models with genetically modified apoptotic function. Finding
or generating such animals has proven to be very challenging.
Because apoptosis is critical for many essential biological
functions such as embryonic development, immunity, main-
tenance of tissue homeostasis and defense against tumorigen-
esis, a significant and wide-spectral disruption of apoptotic
function often leads to severe organ defects or health problems
(Zhang and Herman, 2002a). As a result, these animals often
die either prenatally or at young ages, making them unavailable
for aging studies.

In the search for an animal model for this study, we were
attracted by caspase-2 knockout mice. The caspase-2 knockout
mouse has several interesting features that make it a very
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promising model for the study of the role of apoptosis in aging.
First, caspase-2 has been found to mediate apoptosis in many
different types of cells (Troy and Shelanski, 2003). Second,
caspase-2 is activated in response to a wide range of
physiological signals, including oxidative stress that is
considered to be a major factor of aging (Lopez-Cruzan
et al., 2005; Prasad et al., 2006). Thirdly, caspase-2 knockout
mice appeared to develop and mature normally without major
health problems (at least at young ages according to the
literature)(Bergeron et al., 1998), which may allow the
opportunity for caspase-2 knockout mice to live long enough
for the examination of the effect of apoptosis deficiency on
aging-related traits that show up only at advanced ages.
Therefore, we chose to use the caspase-2 knockout mouse as a
model to study the role of apoptosis in aging. Here, we
summarize our findings including the observation that loss of
caspase-2 function enhances multiple aging-related traits that
are commonly seen in premature aging animals.

2. Materials and methods
2.1. Animals

The caspase-2 knockout mice were originally generated by Junying Yuan
and kindly provided by Dr. Carol Troy of Columbia University with Dr. Yuan’s
consent (Bergeron et al., 1998). The deleted fragment comprised the exon that
encodes the QACRG active site of the enzyme and part of the next exon that
encodes the caspase-2 short isoform. The deletion thus inactivates both the long
and short form of caspase-2. The mice were backcrossed with C57B1/6 once in
our animal facility and used as founders. Caspase-2 knockout and positive
animals used in the experiments are littermates.

2.2. Quantification of BMD and body fat

Mice were sacrificed by CO, inhalation. Measurements of BMD and fat
content were obtained by duel energy X-ray absorptiometry (DEXA) scan using
a Lunar PIXImus imager (GE Medical Systems). Fat content (percentage) and
BMD were determined using whole body scans of the mice.

2.3. ?*"Tc-MDP micro-SPECT/CT (Yildirim et al., 2004)

Conscious mice were injected with 1 mCi **™Tc-MDP (GE Healthcare
Radiopharmacy, San Antonio, TX) in 0.2 ml saline via the tail vein. At 3 h post-
injection, animals were anesthetized with ketamine intraperitoneally and placed
in prone position on the bed of the XSPECT imager (Gamma Medica, North-
ridge, CA). A SPECT image was acquired using 32 projections with the dual
gamma cameras (parallel-hole collimators) moving in 180° rotation. To allow
for anatomical co-registration, the SPECT image was followed by a CT image
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acquisition (X-ray source: 50 kVp, 600 mA; 256 projections) while precisely
maintaining the position of the animal. The software provided with the
XSPECT imager was used for the SPECT and CT image reconstruction and
the SPECT/CT image fusion. SPECT images were reconstructed taking into
account the radius of rotation to produce image sizes of 56 x 56 x 56. The CT
images were also reconstructed resulting in image sizes of 512 x 512 x 512
with a 0.15 mm image resolution. Anterior and posterior whole body 5 min
planar images were also acquired using parallel hole collimators and with a
standard (1/100 of injected dose) in the field of view. The percentage of activity
in the whole body was calculated from the planar images created by drawing
regions of interest using the standard source as a point of reference. Endpoint
biodistribution studies were performed at sacrifice immediately following
micro-SPECT imaging. Tissues were harvested and placed in individual
scintillation vials containing 10% buffered formalin. The uptake of **™Tc-
MDP in each tissue was assessed using a Wallac 1480 automated gamma well
counter (Perkin-Elmer Life Sciences, Boston, MA).

2.4. Histology and histomorphometry (Boyce et al., 1992)

At sacrifice, tissues were harvested and immediately placed in 10% buffered
formalin. Bones were decalcified in 10% ethylenediaminetetraacetic acid.
Tissues were embedded in paraffin, sectioned and stained with haematoxylin
and eosin for measurements of trabecular bone volume. Serial sections were
tartrate resistant acid phosphatase (TRAP)-stained for counting of osteoclasts.
Quantitative detailed bone histomorphometry was performed on sections of the
spine from caspase-2 knockout and wild-type mice using Osteomeasure
(OsteoMetrics, Decatur, GA).

2.5. Measurement of global levels of irreversible oxidation of
cysteine residues in proteome

Mice liver proteins were homogenized in buffer (50 mM phosphate buffer
pH 7.9, 0.5 mM MgCl,, 1 mM ethylenediaminetetraacetic acid and cocktail of
protease inhibitors) and centrifuged at 100,000 x g at 4 °C in the dark for 1 h.
Proteins in the supernatant (cytosolic) were treated with urea (6 M) and
dithiothreitol (2 mM) for 1 h in the dark at 37 °C followed by the treatment
with 6-iodoacetamidofluorescein (6-IAF) (10 mM) and incubation for another
45 min at 37 °C in the dark. The proteins were then precipitated with equal
volumes of 20% trichloroacetic acid and centrifuged at 16,000 x g for 20 min.
The pellets were washed extensively with ethanol/ethyl acetate (1:1) (v/v) to
remove excess 6-IAF. 6-IAF labeled protein pellets were then finally dissolved
in phosphate buffer (pH 7.9) containing urea (6 M) and the protein concentra-
tions were measured by Bradford reagent. Equal amounts of proteins from
different experimental aliquots were then run in 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis to resolve the fluorescence-labeled proteins.
After electrophoresis, the image of the fluorescent protein for each lane on the
gel was captured with Typhoon 9400 (emission filter 526 nm) (Amersham
Biosciences, Piscataway, NJ). The same gel was then stained with Coomassie
blue staining reagent for 2 h, and the image of the Coomassie-stained proteins in
each lane of the gel was captured with Alphaimager 3400 (Alpha Innotech, San
Leandro, CA). The intensities of fluorescence and the Coomassie blue stain
were calculated using ImageQuant 5.0 software (Amersham Biosciences) for
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Fig. 1. Lifespan. (A) Survival curves for all mice (n = 64 for each group). (B) Survival curves for last 50 percentile mice in each cohort (n = 32 for each group).
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each lane of the gel and the data were expressed in the ratio of fluorescence (F)
and Coomassie blue stain (C).

2.6. Statistical analysis

All the data were analyzed with GraphPad Prism program (GraphPad, Inc.
CA). One way ANOVA or unpaired #-test was used when appropriate. P < 0.05
is considered to be significant.

3. Results

Lifespan reflects an animal’s overall health and the rate of
aging. As shown in Fig. 1A, caspase-2 knockout mice had
almost the same median lifespan (950 days) as the wild-type
littermates (954 days). However, from that time point on, the
survival curve of caspase-2 knockout mice diverged from that
of the wild-type mice (Fig. 1B). There was a small difference in
the mean lifespan between caspase-2 knockout mice (903 days)
and the wild-type littermates (935 days). However, there was a
large and significant difference in the maximum lifespan (mean
of the last 10 percentile of the mice) between caspase-2
knockout mice and the wild-type littermates. The maximum
lifespan of caspase-2 knockout mice was 117 days (~4 months
or 10%) shorter than that of the wild-type mice (1137 days
versus 1254 days). None of the caspase-2 knockout mice lived
beyond 1200 days, whereas 12.5% of wild-type littermates did.
Log-rank test of the last 50 percentile of animals (i.e., animals
living longer than the group’s median lifespan) showed that
caspase-2 knockout mice lived statistically shorter (p < 0.01)
than the wild-type littermates.

Apoptosis serves as an endogenous defense mechanism
against tumorigenesis. It is a widely held view that defects in
apoptosis may lead to increased tumorigenesis (Dlamini et al.,
2005). Therefore, our initial hypothesis was that caspase-2
deficiency might lead to increased tumorigenesis. However,
after a comprehensive examination of various tumors in the

Table 1
Comparative pathology of old mice (24-26 months of age)

mice at 24-26 months of age, we found that caspase-2
deficiency did not increase tumor incidence (Table 1). The
overall tumor burden (the sum of different types of tumors in a
mouse) was 0.44 for caspase-2 knockout mice, 0.66 for the
wild-type mice, and 0.61 for the heterozygous mice. The
percentage of tumor bearing mice (the percentage of mice that
have one or more neoplastic lesions in an experimental group)
was 39.3% for caspase-2 knockout mice, 55.2% for the wild-
type mice and 48.5% for heterozygous mice. We also examined
the incidence of a number of non-neoplastic pathologies/
diseases including glomerulonephritis, lymphocyte infiltration,
hydronephrosis, acidophilic macrophage pneumonia, brain
psammoma body, angiectasia and arteritis in the mice (Table 1).
Caspase-2 deficiency did not increase the incidence of these
pathologies/diseases, either. Therefore, the shortened lifespan
of caspase-2 knockout mice was not caused by increased tumor
incidence or these non-neoplastic pathologies/diseases.

Since the reduction of the survival rate in caspase-2
knockout mice began only at a later stage of life and the
pathological study did not find the cause for the shortened
lifespan of caspase-2 knockout mice, we asked whether the
shortened lifespan of caspase-2 knockout mice may be due to
increased rate of aging. Because there is no single definitive
biological marker of aging, the change of aging rate is always
assessed by examining the animal’s lifespan together with a
number of aging-dependent traits, most important of which are
skeletal health, hair growth and subcutaneous fat content (Tyner
et al., 2002; Trifunovic et al., 2004).

Mammalian bone is a dynamic tissue that is continually
remodeled throughout life (Blair et al., 1993). Through this
remodeling, localized new bone formation by osteoblasts
replaces bone that is resorbed by osteoclasts. One of the
hallmarks of aging is a progressive loss of bone mass due to an
increase in bone resorption activity relative to bone formation
activity.

Caspase-2(+/+) n =29

Caspase-2(+/—) n =33 Caspase-2(—/—) n=28

Neoplastic lesions

Lymphoma 10
Lung carcinoma 6
Hepatocellular  carcinoma 1
Hemangioma 2
Pheochromocytoma 0
Tumor burden 0.66
Number of tumor  bearing mice 16(55.2%)
Non-neoplastic lesions

Glomerulonephritis 26
Lymphocyte infiltration 24
Hydronephrosis 1
Acidophilic macrophage Pn. 4
Psammoma body (brain) 9
EMH (spleen) 9
Angiectasia 1
Arteritis 1

8 4

3 2

1 1

7 5

1 0

0.61 0.44
16(48.5%) 11(39.3%)
26 19
23 17

2 2

1 1

9 11
13 2

0 1

1 0

Based on histopathology data collected from each mouse, the percentage of tumor-bearing mice, tumor burden and incidence of disease in each group were calculated.
The percentage of tumor-bearing mice was calculated as the percentage of mice in an experimental group that had one or more neoplastic lesions. The tumor burden

was calculated as the sum of different types of tumor in a mouse.
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Fig. 2. Skeletal traits. (A) Section of vertebral body of old wild-type mice (29 months of age) stained by haematoxylin and eosin. (B) Section of vertebral body of old
caspase-2 knockout mice stained by haematoxylin and eosin. Arrows in A and B indicate trabecular bones. (C) Tartrate resistant acid phosphatase (TRAP) staining of
vertebral body section of old wild-type mice. (D) TRAP staining of vertebral body section of old caspase-2 knockout mice. Arrows in C and D indicate osteoclasts. (E)
Whole body BMD in 14 months old mice (n = 5 for each group). (F) Whole body BMD in old mice (n = 28-34). (G) Trabecular bone volume (BV) versus total volume
of vertebral marrow cavity in old mice (n = 3—4). (H) Osteoblast number on the bone surface. (I) Osteoclast number. (J) Urinary deoxypyridonoline concentrations
normalized against creatinine (n = 9-11; age = 26-28-months) “p < 0.05. Error bars represent S.E.M.

A number of researchers have reported that several
premature aging mice had severe kyphosis (Tyner et al.,
2002; Trifunovic et al., 2004). In their papers, the evidence was
demonstrated by representative images, but not by quantitative
measurement of the severity of the kyphosis. In fact, there is no
accepted or consensus method for the measurement of the
degree of kyphosis in mice. We tried a method described by
Garcia-Cao et al. (2002) and found it too subjective. Therefore,
we chose not to use kyphosis as an indicator of aging-dependent
skeletal change. The bone mass can be accurately measured.
We examined bone mineral density (BMD) of the mice using
DEXA scan. At 14 months of age, the BMD of caspase-2
knockout mice was not significantly different from that of wild-
type littermates (Fig. 2E). However, at the age of 24—26 months,
caspase-2 knockout mice had a significantly lower BMD than
wild-type mice (Fig. 2F). To further investigate this phenotype,
we performed quantitative histomorphometric analysis of the
vertebral bodies of old mice (29 months of age) and found that
caspase-2 knockout mice exhibited decreased trabecular bone
(indicated by arrows in Fig. 2A and B) volume compared to
age-matched wild-type mice (Fig. 2G). We counted the number
of osteoblasts and osteoclasts per mm of the bone surface. Aged
caspase-2 knockout mice had similar numbers of osteoblasts
(Fig. 2H), but increased numbers of osteoclasts (indicated by
arrows in Fig. 2C and 2D) compared to the wild-type mice

(Fig. 2I). These results indicate that caspase-2 knockout mice
had a more severe aging-dependent bone loss at advanced ages.
Furthermore, these results also suggest that the mechanism of
increased bone loss in caspase-2 knockout mice may be due to
enhanced bone resorption. In vivo rates of bone resorption can
also be determined by measuring the products of bone
resorption in urine. Type I collagen, which accounts for
approximately 90% of the organic matrix of bone, is cross-
linked by specific molecules such as deoxypyridinoline (DPD).
Resorption of the bone causes release of DPD into the
circulation and excretion in urine (Delmas et al., 1991). Urinary
DPD levels normalized against urinary creatinine concentra-
tions reflect rates of bone resorption in vivo. As shown in
Fig. 3], at 26 months of age, caspase-2 knockout mice had much
higher rates of bone resorption than wild-type littermates based
upon the level of DPD urinary excretion. These results
demonstrated that caspase-2 deficiency enhances aging-
dependent bone loss at least partially through enhancing bone
resorption.

Technetium-99m methylene diphosphonate (°*™Tc-MDP)
is a widely used bone-scanning agent (Subramanian et al.,
1975). Because the diphosphonate group has a very high
affinity for the inorganic matrix of the bone, 9MTe_MDP is
concentrated mainly in the skeletal system. The uptake of
9MTc-MDP is particularly high at active bone remodeling sites
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Fig. 3. Skeletal uptake of ™ Tc-MDP. (A) The representative micro-CT image of a wild-type mouse at the age of 29 months. (B) The distribution of *™Tc-MDP in
skeleton in the same mouse as detected by micro-SPECT. (C) The overlay of the left and middle panel. (D) The region of interest analysis for the whole body count of

99mT¢-MDP in old mice (n = 5). Error bars represent S.E.M.

because more bone mineral surfaces are exposed by
osteoclasts. Clinically, it has been found that the total skeletal
uptake of *™Tc-MDP is increased in osteoporotic patients due
toincreased bone turnover activity (Carnevale et al., 2000). We
used micro-single photon emission computed tomography
(SPECT) to compare *°™Tc-MDP uptake in male caspase-2
knockout and wild-type mice at the age of 29 months Fig. 3A
shows the micro-computed tomography (CT) image of a
mouse. Fig. 3B shows the distribution of **™Tc-MDP in the
body as detected by micro-SPECT. Fig. 3C is the overlay of
Fig. 3A and B that shows the concentration of *™Tc-MDP in
the skeleton. Quantitative measurement revealed that caspase-
2 knockout mice had a significantly higher skeletal uptake of
99MT¢ MDP than the wild-type mice (Fig. 3D). Therefore, there
results are consistent with those of bone densitometry and
histomorphometry.

Hair growth declines as a function of age in mice (Harrison
and Archer, 1988). Hair regrowth ability has been widely used
as a measurement of aging (Tyner et al., 2002; Trifunovic et al.,
2004). To measure the hair growth ability, we shaved a dorsal
segment (2 cm x 3 cm) of skin on the mouse. After 30 days, the
number of mice whose hair failed to grow back was counted.
The number is 40% (6 out of 15) for old caspase-2 knockout
mice (24 months of age) and 10% (1 out of 10) for age-matched

wild-type mice. After 48 days, all wild-type mice had the hair
grown back (n = 10), but there were still 21.4% (3 out of 14) of
caspase-2 knockout mice whose hair failed to grow back.
Therefore, the hair growth ability in old caspase-2 knockout
mice is impaired relative to that in age-matched caspase-wild
type mice.

Loss of body fat, especially subcutaneous fat, and body
weight, is common in very old people. Due to uneven
distribution, it is very difficult, if not impossible, to accurately
quantify the subcutaneous fat content. As an alternative way,
we measured the whole body fat content with DEXA scan and
found that caspase-2 knockout mice at advanced ages had a
lower body fat content than age-matched wild-type littermates
(Fig. 4).

Caspase-2 is activated by oxidative stress and mediates
oxidative stress-induced cell death (Lopez-Cruzan et al., 2005;
Prasad et al., 2006). As a consequence of loosing caspase-2
function, the animals may not be able to efficiently clear
oxidatively damaged cells. Liver is where a lot of oxidative
reaction occurs. We hypothesized that if the oxidatively
damaged cells are not promptly cleared through apoptosis, this
would result in increased levels of oxidized macromolecules in
the liver. Therefore, we examined the extent of global protein
oxidation in the liver. The amount of cysteine residues that have



218 Y. Zhang et al./Mechanisms of Ageing and Development 128 (2007) 213-221

20+

104

Fat%

0-
Caspase-2(+/+)

Caspase-2(-/-)

Fig. 4. Body fat content. Body fat content of the mice at the age of 24-26
months measured by DEXA scan (n = 28-34).

not been irreversibly oxidized is inversely proportional to the
cellular content of oxidized protein (Fig. 5SA). We used the
assay described in Fig. 5B to measure the cysteine oxidation in
the liver of caspase-2 knockout and wild-type mice (Chaudhuri
et al., 2001). Cysteine residues on proteins were first exposed
by treating proteins with dithiothreitol and 6 M urea, and then
labeled with 6-iodoacetamidofluorescein (6-IAF). After the
removal of free 6-IAF, the 6-IAF-labeled proteins were
separated on a polyacrylamide gel and their amount was
quantified. A low amount of 6-IAF-labelled proteins corre-
sponds to a high degree of irreversible cysteine oxidation. There
was a general trend of an increase of protein oxidation with an
increase in animal’s age, which can be seen clearly in the boxed
areas in Fig. 5C and in Fig. 5D. This is consistent with other
studies (Bokov et al., 2004). Interestingly, we found that
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Fig. 5. Cysteine oxidation in caspase-2 deficient and wild-type mice. (A) Schematic representation of different states of oxidation of cysteine residues in proteins. (B)
Schematic representation of cysteine oxidation assay. (C) Global measurement of irreversible oxidation of cysteine residues in liver proteins. Liver cytosolic proteins
were isolated from young (5 months of age), middle (14 months of age) and old (27 months of age) wild-type and caspase-2(—/—) mice and labeled with 6-
iodoacetamidofluorescein (6-IAF) as described in Method section. Upper panel photographs show the fluorescence (F) of the gel as a measure of 6-IAF binding to the
protein extracts isolated from the young, middle and old wild-type and caspase 2(—/—) mice. Lower panel photographs show the gels stained with Coomassie staining
to measure the protein content (C) loaded in each lane of the gel. The boxed areas in the photographs show the dramatic differences between young and old and
between wild-type and caspase-2(—/—) samples. (D) Graphical representation of the ratio of fluorescence (F) and Coomassie staining (C) was derived from B. The
data are presented as the mean and S.E.M. of data from three mice for each age group. Values obtained young caspase-2(—/—) mice are significantly lower (P < 0.05)

than the values obtained from young wild-type mice.
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caspase-2 knockout mice had a higher level of protein oxidation
than the wild type littermates at 6 months of age (Fig. 5D),
which suggests that there are more oxidatively damaged cells in
the caspase-2 knockout mice due to deficiency of caspase-2-
mediated apoptosis.

4. Discussion

Whether and/or how apoptosis may affect aging is a very
interesting but unanswered question. Theoretically, an abnor-
mal increase of apoptosis activity may cause excessive loss of
cells essential for normal physiological functions, leading to
acceleration of aging. However, an abnormal decrease of
apoptosis activity may also accelerate aging due to extended
survival of certain types of cells whose functions contribute to
aging or aging-related traits. The research on this issue has been
hampered by the lack of appropriate animal models.
Fortunately, caspase-2 knockout mouse turns out to be a very
good model for the study of the effect of apoptosis on aging.

Although there is not a single definitive biological marker
that can be used quantify the rate of aging, the change of aging
rate in mice can be revealed by quantitative measurement of a
group of aging-related traits. Lifespan is unquestionably the
most important trait reflective of aging rate. The most
reasonable explanation for the shortened lifespan of caspase-
2 knockout mice is aging because caspase-2 knockout mice had
similar incidence of aging-unrelated pathologies/diseases
compared to the wild-type littermates (Table 1) and the
survival rate of caspase-2 knockout and wild type diverge in an
aging-dependent way, i.e., only at advanced ages when the
effect of aging on animal’s survival began to show up. In
contrast to mean lifespan, which is significantly affected by
disease and non-biological factors, maximum lifespan is
determined by ‘“‘rate of aging”. For example, in ancient Rome
the mean lifespan for humans was <30 years. Today, people in
the most developed countries have a mean lifespan of >70
years. However, despite the steady improvement of mean
lifespan, maximum lifespan for humans has remained about
115-120 all through known history (Gavrilov and Gavrilova,
1991). Therefore, a shortened maximum lifespan indicates that
caspase-2 deficiency accelerated aging in the mice.

During the lifespan of mammals, bone mass changes as a
result of changes in the ratio of bone formation activity and
bone resorption activity (Blair et al., 1993). From childhood to
adulthood, the bone formation activity is greater than bone
resorption activity, which results in a net increase of bone mass.
At advanced ages, the balance tips towards bone resorption,
resulting in a net loss of bone mass. This makes bone mass a
valuable marker reflective of aging (Rico et al., 1995; Tyner
et al., 2002; Trifunovic et al., 2004). Although other factors
may also affect bone mass, the case is strong that the bone loss
observed in old caspase-2 knockout mice is due to aging
because it occurred in an aging-dependent way, that is, no
significant difference was observed at middle age among
caspase-2 knockout and wild-type mice.

Harrison and Archer, 1988 made an extensive review and
examination of the biological traits that can potentially be used

as biological markers of aging and found that hair re-growth
ability was one of the most informative markers. The reduced
hair re-growth ability in old caspase-2 knockout mice can thus
be considered as a strong indication of the acceleration of
aging.

A number of researchers have used subcutaneous fat content
as a reflective marker of aging (Tyner et al., 2002; Trifunovic
et al., 2004). In our opinion, this marker is inferior to maximum
lifespan, bone mass and hair re-growth. Although people at
their 80 or 90’s do have significant loss of total body fat, many
people in their 60’s are obese. In addition, there is no reliable
way to accurately measure the content of subcutaneous fat due
to its uneven distribution. We measured the total body fat
content of old mice at the time we measured BMD by DEXA
scan. While the result is consistent with our other data, we
consider it as only a piece of ancillary evidence supplemental to
the study of lifespan, bone mass and hair re-growth ability.

Taken together, the results of lifespan, bone mass, hair re-
growth and body fat study collaboratively suggest that caspase-
2 deficiency affects the rate of aging in mice.

Since caspase-2 mediates oxidative stress-induced apoptosis
(Lopez-Cruzan et al., 2005; Prasad et al., 2006), loss of caspase-
2 function will compromise the animal’s ability to remove
oxidatively damaged cells through apoptosis. This may explain
the increased level of oxidized proteins observed in caspase-2
knockout mice. What is particular noteworthy is that deletion of
caspase-2 resulted in an increased number of osteoclasts. While
osteoclasts are essential for the maintenance of a healthy
skeletal system throughout an animal’s life, excessive activity
of osteoclasts accelerates the development of an aging-related
phenotype (bone loss). On a broader spectrum, caspase-2
deficiency may affect aging or aging-related traits through a
similar influence on other cells.

Caspase-2 is an initiator caspase that functions in the
upstream of the apoptosis signaling cascade. Caspase-2 induces
the release of mitochondrial proapoptotic proteins to cytosol,
where these proteins activate the final execution phase of
apoptosis (Baliga et al., 2004; Gao et al., 2005; Bonzon et al.,
2006). Expression of caspase-2 gene has been detected in a
broad range of tissues including brain, heart, kidney, lung and
spleen (Bergeron et al., 1998). An apoptotic role of caspase-2
has been found in neurons, hepatocytes, fibroblasts, macro-
phages, lymphocytes, and oocytes (Troy et al., 2001; Guicciardi
et al., 2005; Tu et al., 2006; Bergeron et al., 1998; Jesenberger
et al., 2000). It is puzzling that the deletion of caspase-2 gene
did not cause severe abnormality or prenatal death of the mice
as seen in the knockout of other initiator caspases such as
caspase-8 or -9 (Varfolomeev et al., 1998; Kuida et al., 1998).
The explanation is that the function of caspase-2 can be
compensated by other proteins/caspases in the caspase-2 null
mice (Troy et al., 2001). However, such compensation, if exists,
is not complete, because caspase-2 knockout mice did display
significant changes at a later stage of life as revealed by this
study.

How does caspase-2 regulate aging-related traits? As
caspase-2 is an initiator caspase, loss of caspase-2 gene may
hamper the activation of the executioner caspases, thus,
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compromise apoptosis. We have previously reported that the
activities of both caspase-2 and caspase-3 in rat livers increase
with age (Zhang et al., 2002b). Recently, we have found that
loss of caspase-2 gene significantly hampered the activation of
caspase-3 in the liver of aging mice (unpublished data).
Therefore, caspase-2 may regulate aging-related traits by
affecting the executioner caspase-3 and cell death.

Aging is a result of imbalanced physiological functions. Not
only may the decrease of regenerative functions, but also the
increase of degenerative functions contribute to the aging
phenotype. In this regard, the bone represents an interesting
example. Throughout an animal’s life, the bone mass is
maintained dynamically by the resorption of existing bones
and the formation of new bones (Blair et al., 1993). With the
progress of aging, the activity of bone resorption surpasses the
activity of bone formation, which results in aged bone
phenotypes such as osteoporosis and kyphosis. Recently, we
have found that the inhibition of caspase-2 activity in primary
osteoclasts significantly increased the viability of these cells
(unpublished data). Since an increase in the number of
osteoclasts will enhance bone resorption in aging animals,
caspase-2 deficiency may accelerate the development of aging
bone phenotypes by extending the survival of osteoclasts. On a
broader spectrum, caspase-2 deficiency may accelerate the
development of other aging-related traits with similar mechan-
isms. Future study will be directed to the identification of specific
types of cells or tissues that underlie these observed phenotypes.

To conclude, we found that deletion of caspase-2, an
important component of the intrinsic pathway of apoptosis,
enhanced a number of aging-related traits commonly seen in
premature aging animals. This study thus demonstrates for the
first time that apoptosis plays an important role in aging.
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