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Recent reports have indicated that enzymes such as
cathepsins D and B are translocated from lysosomal
compartments to the cytosol early during apoptosis.
We have previously noted that a translocation of
cathepsins D and B occur before cytochrome c release
and caspase activation in cardiomyocytes and human
fibroblasts during oxidative stress-induced apoptosis.
In the present report, we use a microinjection tech-
nique to investigate if cytosolic location of the cathe-
psins D and B are important for induction of apopto-
sis. We found that microinjection of cathepsin D into
the cytosol of human fibroblasts caused apoptosis,
which was detected as changes in distribution of cy-
tochrome c , cell shrinkage, activation of caspases,
chromatin condensation, and formation of pycnotic
nuclei. No apoptosis was, however, induced by mi-
croinjection of cathepsin B. Moreover, apoptosis was
prevented in fibroblasts pretreated with a caspase-3-
like inhibitor, and also when microinjected with ca-
thepsin D mixed with the cathepsin D inhibitor, pep-
statin A. These results show that cytosolic cathepsin D
can act as a proapoptotic mediator upstream of cyto-
chrome c release and caspase activation in human
fibroblasts. (Am J Pathol 2002, 161:89–96)

Apoptosis, or programmed cell death, occurs through
activation of a cell suicide process that is regulated by
many different intracellular and extracellular events. Dur-
ing apoptosis, the cell is degraded through activation of
proteases and endonucleases. The class of proteases
known as caspases plays an essential role in the induc-
tion and execution of apoptosis, and, when activated,
they acquire the ability to cleave key intracellular sub-
strates that results in the biochemical and morphological
changes associated with apoptosis.1 Besides the
caspases, lysosomal proteases such as cathepsins
(cats) D, B, and L have been shown to act as mediators
of apoptosis in a number of cell systems.2–5

During apoptosis, various proteins that are normally
sequestered in the mitochondria are released to the cy-
tosol, including cytochrome c (cyt c), apoptosis-inducing
factor, and procaspases 2 and 9. In the cytosol, cyt c can

undergo complexation with cytosolic apoptosis protein-
activating factor 1 (Apaf-1), and, in the presence of dATP
or ATP, this leads to activation of procaspase-9 and the
caspase cascade.6 Microinjection of cyt c into the cy-
tosol, without the presence of any other apoptosis-induc-
ing stimuli, has been found to cause apoptosis in several
different types of cells.7–10 Moreover, the proapoptotic
effect of microinjected cyt c was prevented by caspase
inhibitors and by overexpression of Bcl-2 and Bcl-XL.7,9

Increased expression or activity of cat D has been
observed in apoptotic cells after activation of Fas/APO-12

and after exposure to oxidative stress11,12 or Adriamy-
cin.13 We have noted previously, that during oxidative
stress-induced apoptosis, cat D was translocated from ly-
sosomal structures to the cytosol, and that the release of cat
D preceded the release of cyt c and the loss of mitochon-
drial membrane potential. If we pretreated the cultures with
the cat D inhibitor pepstatin A before oxidative stress expo-
sure, no cyt c release or caspase-3 activation could be
detected, and apoptosis was inhibited.11,12,14,15

Because several investigations imply lysosomal pro-
teases as mediators of apoptosis and few deal with their
intracellular localization, we used a microinjection tech-
nique to determine whether cytosolic location of cat D
and cat B is important for induction of apoptosis.

Materials and Methods

Cells and Culture Conditions

Human foreskin fibroblasts (AG-1518, passages 14 to 20;
Coriell Institute, Camden, NJ) were cultured in Eagle’s
minimal essential medium supplemented with 2 mmol/L
glutamine, 50 IU/ml penicillin-G, 50 �g/ml streptomycin,
and 10% fetal bovine serum (Gibco, Paisley, UK). Twen-
ty-four hours before the experiments, the cells were
trypsinized and seeded into 35-mm Petri dishes (Costar,
Cambridge, MA) at a density of 10,000 cells/cm2. The
caspase-3-like protease inhibitor Ac-DEVD-CHO (25
�mol/L; Calbiochem, San Diego, CA) was added to cul-
tures 1 hour before microinjection of cat D.
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Microinjection

Microinjection was performed on the stage of a Zeiss
Axiovert (Zeiss, Gena, Germany) inverted microscope,
using a pressure injector from Eppendorf (model 5246;
Eppendorf, Hamburg, Germany) and an Injectman micro-
manipulator (Eppendorf). Eppendorf microloaders were
used to fill the microinjection needles (Femtotips II, Ep-
pendorf), that had an inner diameter of less than 0.5 �m.
All injectates contained 1 mg/ml dextran-conjugated Al-
exa Fluor 488 or 0.25 mg/ml Alexa Fluor 546 (molecular
weight, 10,000; Molecular Probes, Eugene, OR) in Dul-
becco’s phosphate-buffered saline (PBS) (pH 5.5 or 7.0).
Freshly prepared Alexa Fluor containing 0.25 mg/ml of
cat D (C 8696, diluted in PBS, pH 5.5 or 7.0; Sigma,
Stockholm, Sweden), 3 mg/ml of cyt c (C 7752, diluted in
PBS, pH 7.3; Sigma), 0.25 mg/ml of cat B (C 8571, diluted
in PBS, pH 5.5; Sigma) or 3.1 mg/ml of active caspase-3
(diluted in PBS, pH 7.3; Becton Dickinson, Mountain
View, CA) was injected into the cytoplasm of cells (pres-
sure 100 hPa, 1.5 seconds). We also used inactivated cat
D, which was incubated overnight at 37°C before injec-
tion, or inhibited cat D that was mixed with 5 �mol/L of
pepstatin A before injection. In each experiment, 100 to
300 cells in each dish were injected, and the results are
presented as average values for at least four dishes.

The volume injected was estimated by injecting 33P as
orthophosphate16 (Amersham Pharmacia Biotech, Buck-
inghamshire, UK) diluted 1:50 in dextran-conjugated Al-
exa Fluor (1 mg/ml). Thereafter, the cells that had re-
ceived a microinjection were counted, and the activity of
33P was determined using vials containing 10 ml of
Ready Safe (Beckman, Fullerton, CA) and a liquid scin-
tillation counter (1217 Rackbeta; Wallac, Turku, Finland).
The 33P activity was compared with a standard curve
obtained the same day. The injection volume was calcu-
lated to 4.9 � 0.3 � 10�12 1 (n � 3), and the activity of the
injected cat D (see below) was subsequently calculated
to 0.7 � 10�6 au/h�cell and for cat B to 6.8 � 10�4

au/h�cell.

Cat D and B Activity Measurement

Cat D activity was determined as described by Barett17

using hemoglobin as a substrate. To determine such
activity in cell cultures, the fibroblasts were pelleted and
washed in PBS and then exposed to three cycles of
freezing and thawing to rupture the plasma membrane. In
the injection solution the activity of cat D was determined
after dilution to 1:50 in PBS. The sample was mixed with
2 mmol/L of sodium phosphate buffer (pH 6.5), 250 �l of
4% (w/v) hemoglobin, and 250 �l of 1 mol/L sodium
formate buffer (pH 3.5), and then incubated at 45°C for
60 minutes. The reaction was terminated by adding 5 ml
of 3% trichloric acid, and the precipitate was filtered. The
amount of peptides released was analyzed using the
method described by Lowry and colleagues18 with some
modifications.17 We calculated the cat D activity of a
single cell in a Petri dish to be 1.3 � 10�6 au/h�cell.

Cat B activity was determined as described by Bar-
rett.17 In short, culture medium was withdrawn, and the

cells were washed in PBS and lysed in 340 mmol/L of
sodium acetate buffer (pH 5.0) containing 0.1% Triton
X-100, 60 mmol/L acetic acid, 4 mmol/L ethylenediami-
netetraacetic acid, and 8 mmol/L dithiothreitol. The cell
lysate was incubated for 15 minutes at 30°C with the cat
B-specific substrate z-Arg-Arg-AMC (20 �mol/L, Sigma).
The reaction was stopped by adding a buffer consisting
of 100 mmol/L of sodium monochloric acetate, 30 mmol/L
of sodium acetate, and 70 mmol/L of acetic acid. The
fluorescence of liberated AMC was analyzed at �ex 380
nm and �em 435 nm in a spectrofluorometer. We calcu-
lated the cat B activity of a single cell in a Petri dish to be
13.2 � 10�4 au/h�cell.

Detection of Apoptotic Morphology

After microinjection, all fluorescent cells were counted,
and the percentage of apoptotic cells was calculated
based on the number of rounded/shrunken or detached
fluorescent cells detected. Nuclear size was analyzed in
cells mounted in Vectashield medium supplemented with
4,6-diamidino-2-phenylindole (1.5 �g/ml; Vector Labora-
tories, Burlingame, CA). Cells in Petri dishes were exam-
ined in a Nikon photomicroscope (Nikon, Tokyo, Japan),
and the cells were photographed using a digital video
camera (Hamamatsu, Tokyo, Japan) mounted on the mi-
croscope. For ultrastructural analysis, �90% of the cells
in a marked circle (diameter, �5 mm) in the center of a
dish were injected with dextran-conjugated Alexa Fluor
alone or together with cat D or cyt c. The cultures were
then prepared as previously described.19 Briefly, fibro-
blasts were fixed in situ in the plastic culture dishes by
adding 2% glutaraldehyde (vacuum distilled; Agar Sci-
entific, Essex, UK) in 0.1 mol/L of sucrose-sodium caco-
dylate-HCl buffer (pH 7.2) and postfixed in osmium tet-
roxide (Johnson Matthey Chemicals, Roystone, UK).
Dehydration, en bloc staining with uranyl acetate, re-
peated dehydration, and embedding in Epon-812 (Fluka
AG, Buchs, Switzerland) were also done in the culture
dishes. Thin sections of the cured blocks were cut with a
diamond knife, stained with lead citrate, and then exam-
ined and photographed in a JEOL 1200-EX electron mi-
croscope (Tokyo, Japan) at 100 kV.

Assessment of DNA Fragmentation

Apoptotic cells were also identified by the terminal dUTP
nick-end labeling technique using the ApopTag in situ
apoptosis detection kit according to the instructions of
the manufacturer (Intergen, Purchase, NY). The cells
were fixed for 15 hours in 1% paraformaldehyde at 4°C
and then permeabilized for 5 minutes in ethanol and
acetic acid (2:1) at �20°C. Thereafter, the cultures were
incubated with terminal deoxynucleotidyl transferase en-
zyme for 1 hour at 37°C and then with anti-digoxigenin-
rhodamine/fluorescein for 30 minutes, and were subse-
quently mounted in Vectashield medium. The cells were
examined in a Nikon photomicroscope, using green ex-
citing light and a 590-nm barrier filter or blue exciting light
and a 520-nm barrier filter, and photographed with a
digital camera.
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Immunofluorescence Detection of Cat D
and Cyt c

Microinjected fibroblasts were fixed in 4% formaldehyde
in PBS for 20 minutes at 4°C and then processed for
immunocytochemistry as described earlier.19 The cells
were incubated with a polyclonal rabbit anti-human cat D
antibody (dilution 1:100; DAKO, Glostrup, Denmark), fol-
lowed by a goat anti-rabbit IgG Texas Red conjugate
(1:200; Vector Laboratories) or a monoclonal mouse-anti-
human cyt c (1:50; Pharmingen, San Diego, CA), and
subsequently a mouse anti-IgG fluorescein isothiocya-
nate (FITC) conjugate (1:50, Calbiochem). Thereafter, the
cells were rinsed in PBS and distilled water and mounted
in Vectashield medium. The cells were examined in a
Nikon photomicroscope, using green exciting light and a
590-nm barrier filter or blue exciting light and a 520-nm
barrier filter, and photographed with a digital camera.
Controls incubated without anti-cat D antibodies or anti-
cyt c antibodies did not stain.

Detection of Activated Caspases

A FITC conjugate of the cell-permeable pan caspase
inhibitor VAD-FMK (CaspACETM* FITC-VAD-FMK In Situ
Marker; Promega, Madison, WI) was used to detect
caspase activity in microinjected fibroblasts. The struc-
ture of this FITC conjugate allows delivery of the inhibitor
into the cell, where it binds to activated caspases. Briefly,
4, 8, or 24 hours after microinjection, the cells were
incubated with the conjugate (10 �mol/L) in culture me-
dium for 30 minutes at 37°C, rinsed in PBS five times,
examined in a Zeiss Axiovert inverted fluorescence mi-
croscope, and photographed with a digital camera. All
microinjected Alexa Fluor red fluorescent cells were
counted and the percentage of caspases activated,
green fluorescent cells, were calculated.

Statistical Analysis

We repeated all experiments at least four times. The
results were analyzed statistically using the Mann-Whit-
ney U-test. P values �0.05 were considered significant.

Results

Microinjection of Cat D Induces Apoptotic
Morphology

To mimic the physiological conditions that prevail during
the release of cat D, we microinjected this protein at pH
5.5, and we included dextran-conjugated Alexa Fluor
(red fluorescence) to identify the injected cells. The ac-
tivity of the cat D introduced into each cell was estimated
to be approximately half of the activity detected in one
normal fibroblast (ie, 0.7 � 10�6 au/h�cell was injected).
Under these conditions, cell shrinkage was observed 2
hours after the microinjection. The number of apoptotic
cells increased with time, and 8 hours after the microin-

jection 28% of the cells exhibited shrinkage and pycnotic
nuclei (Figure 1) and DNA fragmentation (detected using
the terminal dUTP nick-end labeling technique; data not
shown). Because it has been reported that cat B is also
released to the cytosol during apoptosis, the effect of
microinjected cat B was investigated.5,12 As for microin-
jected cat D, the activity of the cat B introduced into each
cell was estimated to be approximately half of the activity
detected in one normal fibroblast (6.8 au/h�cell was in-
jected). However, 6 hours and 24 hours after microinjec-
tion, no apoptotic changes could be detected.

We also microinjected cyt c into fibroblasts at the
concentration (3 mg/ml) used by Li and collaborators7 to
induce apoptosis in human 293 kidney cells and HeLa
cells. Using the same pressure and time as for microin-
jection of cat D, we found that the onset of apoptosis was
more rapid after injection of cyt c (Figure 1). More pre-
cisely, after 6 hours, 42% of the fibroblasts injected with
cyt c were apoptotic as compared to 25% of the cells with
cat D. Almost no apoptotic morphology (2%) could be
detected after microinjection with the vehicle PBS and
Alexa Fluor.

To confirm the morphological characteristics of apo-
ptosis discerned by light microscopy, we analyzed in-
jected cells by transmission electron microscopy. Com-
pared to control cells (Figure 2A), 6 hours after
microinjection with cyt c (Figure 2B) or cat D (Figure 2, C
and D) the fibroblasts showed condensed chromatin,
pycnotic nuclei, and convoluted nuclear membranes, as
well as aggregation of condensed mitochondria around
the nucleus. Moreover, all injected cells contained an
increased number of autophagic vacuoles. This may be
because of cellular damage induced by the microinjec-
tion procedure and/or the Alexa dye, however no shrink-
age or nuclear changes were seen in microinjected con-
trol cells (Figure 2A).

Distribution of Cyt c and Cat D in Microinjected
Fibroblasts

Release of cyt c from mitochondria is a well-known event
that triggers activation of caspases during apoptosis.
Therefore, we subjected cat D-microinjected fibroblasts
to immunofluorescence staining to examine the intracel-
lular localization of cyt c. Staining of control cells for cyt c
revealed the presence of the protein in vermiform mito-
chondria. However, 2 hours after microinjection of cat D,
the staining pattern had become more diffuse, indicating
that cyt c had been translocated from the mitochondria to
the cytosol. The mitochondria that still contained cyt c
were seen as punctiform structures aggregated around
the nucleus (Figure 3). Similar results have been shown in
HeLa cells prone to apoptosis because of overexpres-
sion of Bax,20 or to ultraviolet exposure.21

Immunocytochemistry of cat D in control fibroblasts
showed a granular staining pattern, indicating the pres-
ence of this protein in lysosomal compartments, and the
same pattern was seen 2 and 4 hours after microinjection
of cat D (data not shown). These results demonstrate that
microinjection of cat D did not cause lysosomal damage
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or translocation of endogenous cat D. Microinjection of
cyt c or active caspase-3 also had no effect on the
granular staining of cat D for up to 2 hours. However, 4
hours after cyt c or active caspase-3 injection, a diffuse
cat D staining was revealed, indicating translocation of
cat D from the lysosomal compartment to the cytosol. In
addition, 6 hours after microinjection of cat D, we could
detect lysosomal leakage of cat D to the cytosol. This
may be a secondary effect because of mitochondrial
malfunction and increased oxidative stress in the cells.

Cat D-Induced Apoptosis Involves
Caspase Activation

Other investigators have reported that apoptosis induced
by microinjection of cyt c involves caspase activation.7,9

We used a FITC conjugate of the pan caspase inhibitor
VAD-FMK to study activation of caspases. This method-
ology revealed caspase activation 4 hours after microin-
jection of cat D or cyt c in most of the cells showing
apoptotic morphology (Figure 4). Eight hours after micro-

injection of cat D, 21.6 � 5.2% of the cells showed
caspase activity (controls, 2.3 � 0.8%), and 24 hours
after injection 37.45 � 7.5% of the cells contained active
caspases (controls, 2.9 � 1.4%). To further explore the
role of caspases in cat D-induced apoptosis, we pre-
treated cells for 1 hour with Ac-DEVD-CHO, a caspase-
3-like protease inhibitor, before injecting cat D. Analysis of
cell morphology, 6 hours after injection of cat D, showed
that such treatment provided complete protection against
apoptosis (Figure 5). Microinjection of cat D increased the
number of apoptotic cells 11-fold and microinjection of
cyt c 18-fold compared to cells microinjected with cat D
inhibited by pepstatin A, cat B, or only PBS that did not
induce apoptosis (Figure 5). Injection of inactivated cat D
also failed to induce apoptosis (data not shown).

Cat D-Mediated Apoptosis Is Not Dependent
on pH

Within a cell, cat D is normally localized to lysosomes and
endosomes, where the pH ranges from 4 to 6. To deter-

Figure 1. Light and fluorescence microscopy of fibroblasts 8 hours after microinjection of cat D or cyt c. Apoptotic fibroblasts were detected as shrunken cells
with pycnotic nuclei by light and fluorescence microscopy. a–c: Cells microinjected with Alexa Fluor alone. No apoptosis was detected. d–f: Cells microinjected
with Alexa Fluor together with 0.25 mg/ml of cat D, or g–i, together with 3 mg/ml of cyt c. Microinjected cells were visualized with Alexa Fluor (b, e, and h; red
fluorescence) and nuclear morphology by 4,6-diamidino-2-phenylindole staining (c, f, and i). Arrows show microinjected apoptotic cells.
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mine whether the effect of microinjected cat D is pH-
dependent, we compared the frequency of apoptosis in
cells injected with cat D at pH 5.5 and 7.0. As shown in
Figure 6, no significant difference in the rate of apoptosis
was detected 4, 8, and 24 hours after injection of cat D at
pH 5.5 compared to at pH 7.0. Control cells injected at
pH 5.5 and 7.0 showed almost no apoptotic morphology.

Discussion

The cat D gene is transcriptionally activated by p5313

and the participation of cat D in apoptosis has been
demonstrated in several different systems. For example,

cells pretreated with pepstatin A, cat D �/� fibroblasts,
and anti-sense cat D RNA-treated cells have lower rates
of apoptosis after exposure to different apoptotic triggers
as compared to controls.2,13,15 Cat D is normally found in
lysosomes, but we have observed that it is translocated
to the cytosol at the onset of apoptosis induced by oxi-
dative stress.22 In the present study, we used a microin-
jection technique as a means of mimicking cat D release,
to ascertain whether cat D found in the cytosol plays a
role in the induction of apoptosis.

Our results show that microinjection of cat D in fibro-
blasts induces cyt c release, caspase activation, nuclear
changes, and apoptotic morphology. Therefore, we sug-

Figure 2. Transmission electron microscopy of microinjected fibroblasts. The micrographs show fibroblasts 6 hours after microinjection with Alexa Fluor alone
(A) or with Alexa Fluor and 3 mg/ml of cyt c (B), or with Alexa Fluor and 0.25 mg/ml of cat D (C and D). Note in A a normal nucleus (asterisk) and in B–D
apoptotic morphology-like partially fragmented nuclei, nuclei with condensed chromatin (arrows), and condensed mitochondria around the nucleus (arrow-
heads). Original magnifications: �2000 (A, B, and D); �1000 (C). Scale bars: 4 �m (A, B, and D); 10 �m (C).
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gest that translocation of cat D to the cytosol plays an
important role in induction of apoptosis. The mechanisms
by which cat D causes these effects are not known, but
there are several possibilities. For example, cat D could

directly affect mitochondria, facilitating the release of cyt
c. In most apoptosis model systems, release of cyt c from
mitochondria is necessary for the activation of down-
stream caspases. Our previous research has shown that
inhibition of cat D during exposure to oxidative stress
prevents the release of cyt c, decrease in mitochondrial
membrane potential, and activation of caspase-3 in rat
cardiac myocytes.11,15 In the present experiments, cat
D-injected fibroblasts exhibited a more diffuse immuno-
staining of cyt c than control cells did, which indicates
translocation of cyt c from the mitochondria to the cytosol.
This suggests cat D to be a mediator of cyt c release.

Figure 3. Cyt c location by immunofluorescence staining of fibroblasts.
Micrographs of fibroblasts 2 hours after microinjection with Alexa Fluor alone
(a and b) or with Alexa Fluor together with 0.25 mg/ml of cat D (c and d).
Microinjected cells detected by the red fluorescence of Alexa Fluor (a and c),
and cyt c by immunofluorescence staining with a FITC-conjugated secondary
antibody (b and d). Arrows indicate microinjected cells.

Figure 4. Caspase-3-like protease activity was detected 4 hours after micro-
injection, using a FITC conjugate of the caspase inhibitor VAD-FMK. Fibro-
blasts were microinjected with Alexa Fluor alone (a and b) or with Alexa
Fluor together with 0.25 mg/ml of cat D (c and d) or with Alexa Fluor
together with 3 mg/ml cyt c (e and f). The red Alexa Fluor fluorescence
shows microinjected cells (a, c, and e), and FITC fluorescence indicates
caspase activity (b, d, and f).

Figure 5. The histogram shows the percentage of apoptosis detected as
shrunken or detached fibroblasts by fluorescence microscopy performed 6
hours after microinjection. The fibroblasts were microinjected with Alexa
Fluor alone or together with 0.25 mg/ml of cat D (active or inhibited by 5
�mol/L of pepstatin A) or pretreated with Ac-DEVD-CHO and then injected
with cat D. Fibroblasts were also injected with Alexa Fluor together with 0.25
mg/ml of active cat B or 3 mg/ml of cyt c. Values represent mean percent-
ages � SD of apoptotic cells from at least four separate experiments.

Figure 6. The histogram shows the percentage of apoptotic fibroblasts after
microinjection with cat D, detected as shrunken or detached cells by fluo-
rescence microscopy. Fibroblasts were injected with Alexa Fluor and 0.25
mg/ml of cat D at pH 5.5 or 7.0, and controls were microinjected with Alexa
Fluor alone at pH 5.5. Values represent mean percentages � SD of apoptotic
cells from at least four separate experiments. The number of apoptotic cells
is not significantly different between the groups microinjected with cat D at
pH 5.5 or at pH 7.0.
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However, Stoka and colleagues23 reported that lysoso-
mal extracts alone have no effects on cyt c release from
isolated mitochondria. Moreover, they found that the pro-
apoptotic protein Bid, was cleaved to tBid in the pres-
ence of lysosomal extracts, and that cyt c was released
from mitochondria incubated with tBid. Bid is a proapop-
totic member of the Bcl-2 family and tBid like the pro-
apoptotic member Bax, can trigger the release of cyt c
from mitochondria. It is possible that cat D might be
acting on a substrate such as Bid upstream of mitochon-
drial events and caspase activation.

Another possibility is that cathepsins directly activate
caspases. Ishisaka and colleagues3,4 illustrated the par-
ticipation of cat L in a direct activation of caspase-3. On
the other hand, Stoka and co-workers23 recently showed
that none of six different cathepsins (B, H, K, L, S, and X)
were able to directly activate procaspases. Analysis of
the temporal relationship of our results show that micro-
injection of cat D first causes cyt c release and then
caspase activation, and that the ensuing apoptosis is
dependent on caspases.

Eight hours after microinjection of cat D, 28% of the
cells showed typical apoptotic morphology. However,
under the same experimental conditions, injection of in-
activated cat D or injection of cat D inhibited by pepstatin
A did not induce apoptosis. In addition, apoptosis was
detected in fibroblasts microinjected with cyt c, which
agrees with results published by Li and colleagues.7

Compared to cells microinjected with cat D, those micro-
injected with cyt c showed a higher rate of apoptosis after
both 6 and 24 hours. According to Li and colleagues.7

the amount of cyt c microinjected into the cytosol in their
system is larger than the total amount normally present in
one cell of either the MCF7F or the human kidney 293 cell
line. In our experimental system, we estimated the in-
jected cat D activity to be approximately half of that found
in a single fibroblast; in other words, the amount of cat D
we introduced was probably comparable to the physio-
logical level of cat D in the cytosol during apoptosis.
These findings, together with the results indicating that
the release of cat D precedes the release of cyt c in the
chain of events comprising apoptosis, may explain why
injection of cat D gave rise to comparatively less apopto-
sis than injection of cyt c did. Gucciardi and colleagues5

have recently shown that translocated cat B contributes
to tumor necrosis factor-�-mediated apoptosis in hepa-
tocytes. They also show that cat B knockout mice are
resistant to tumor necrosis factor-�-mediated hepatocyte
apoptosis.24 Foghsgaard and colleagues25 show similar
results in tumor necrosis factor-�-induced apoptosis in
fibrosarcoma cells, where cat B has the role of the dom-
inant execution protease. The same study shows that
primary murine hepatocytes and fibroblasts are minimally
dependent on cat B during tumor necrosis factor-�-in-
duced apoptosis. Previously, we have also discovered
that oxidative stress-induced apoptosis is not dependent
on cat B in fibroblasts. Pretreatment of fibroblasts with the
cat B inhibitor CA 074-Me did not inhibit oxidative stress-
induced apoptosis, and we have also noticed a rapid
decline in cat B activity.12 Accordingly, microinjection of

cat B does not induce apoptosis which agrees with our
earlier findings.

Lysosomes are acidic organelles, and human cat D is
optimally active against most substrates between pH 3 to
4.17 However, other in vitro studies indicated that cat D
displays significant activity at a pH greater than 6.5.26,27

In light of those findings, and because cat D released
from lysosomes is exposed to a higher pH in the cytosol,
we felt that it was important to determine whether cat D
could induce apoptosis at pH values higher than 5.5. Our
results indicate that cat D also induces apoptosis at pH
7.0, and therefore it might be able to proteolytically
cleave substrates outside the lysosomal compartment.

We have earlier found that cats B and L are translo-
cated from lysosomes to the cytosol simultaneously with
cat D during oxidative stress.12 It was therefore of interest
to study lysosomal stability during microinjection to make
sure that no lysosomal leakage occurred that could affect
apoptosis induction. We observed granular lysosomal-
like immunofluorescence staining of cat D in fibroblasts
injected with cat D, cyt c, or caspase-3, as well as in
control cells. This indicates that cytosolic cat D does not
seem to affect the lysosomal membranes from the out-
side, nor does it cause translocation of endogenous cat D
from lysosomes to the cytosol. However, after apoptosis
induction, ie, 4 hours after injection of cyt c and
caspase-3 or 6 hours after injection of cat D, a diffuse
immunostaining of cat D was observed suggesting lyso-
somal damage at a late time point. We interpret this
lysosomal destabilization as a secondary event in the
apoptosis process.

In conclusion, the present study demonstrates that
cytosolic location of cat D is important for the initiation of
apoptosis. Furthermore, the cat D target is probably cy-
tosolic, and acts upstream of cyt c translocation and
caspase-3 activation.
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