
INTRODUCTION

Eosinophils and neutrophils are two different types of granulo-
cytes, which are evolved from a common haematopoetic precur-
sor in the bone marrow. Both cell types are key effector cells in
host defence against infections and they contain and can, upon
activation, secrete a large and varied armoury of cytotoxic and
degenerative enzymes [1,2]. Eosinophils are most commonly
involved in parasitic infections and allergic inflammation, where
eosinophilia is a prevalent indication of late-phase allergic inflam-
mation causing tissue damage and asthma severity [3]. Neu-
trophils, on the other hand, are mainly involved in bacterial
infections and other inflammatory reactions [4].

To maintain cellular homeostasis, granulocyte tissue-
infiltration is normally followed by elimination of these cells by
induction of apoptosis. Different inflammatory mediators, e.g.
GM-CSF, complement factor C5a and LPS [5] can modulate the

apoptotic process in both eosinophils and neutrophils. Cytokines
such as IL-5 and IL-3 have been proposed to prolong the
eosinophil life span selectively by inhibiting the apoptotic ma-
chinery and thus contribute to tissue loading of eosinophils [6].
Differences in apoptosis-susceptibility between eosinophils and
neutrophils have been reported previously during corticoid treat-
ment, which has been employed for many years as a potent anti-
inflammatory agent [7,8]. One reported effect of dexamethasone
is the rapid and dramatic induction of apoptosis of eosinophils,
while the number of neutrophils increased [7,9] indicating differ-
ences in the mechanisms regulating the apoptotic machinery
between the granulocytes.

In general the molecular mechanisms of granulocyte apopto-
sis are poorly understood, and only recently were the caspases
demonstrated to be involved in eosinophil-apoptosis [10,11]. The
caspase family of proteases plays a crucial role in apoptosis
[12–14], where they cleave a number of defined substrates at
aspartate residues, leading to the irreversible dismantling of the
cell. In a number of apoptotic models, the caspases are activated
via the mitochondrion by the induction of mitochondrial perme-
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SUMMARY

Eosinophils and neutrophils are two different types of granulocytes evolved from a common
haematopoetic precursor in the bone marrow. Eosinophils are mainly involved in parasitic infection
and allergic inflammation while neutrophils mainly participate in the defence against bacterial infec-
tions. Prolongation of granulocyte life span by inhibition of apoptosis may lead to tissue load of cells,
and this has been detected in different inflammatory reactions. The molecular mechanisms and the
potential role of the mitochondria in granulocyte apoptosis are poorly understood. In the present study
we have characterized further the role of the mitochondria in granulocyte-apoptosis by studying the
sequence of mitochondrial permeability transition (MPT) induction, loss of mitochondrial membrane
potential (Dym) and release of cytochrome c. This was made possible by applying tributyltin (TBT), a
well-characterized apoptotic stimulus and MPT-inducer. We also studied potential differences in apop-
tosis-susceptibility between eosinophils and neutrophils. Ten minutes of TBT-exposure resulted in a
substantial caspase-3 activity in both eosinophils and neutrophils, followed by phosphatidylserine (PS)-
exposure after 30–120 min. Interestingly, caspase-3 activity was not preceded by MPT-induction, loss of
Dym or by cytochrome c-release in either eosinophils or neutrophils. In conclusion, we have demon-
strated an extremely rapid induction of caspase-3 activity and apoptosis in human blood granulocytes
without prior mitochondrial changes, including loss of mitochondrial membrane potential and release
of cytochrome c. Our results open the possibility for a mitochondrial-independent activation of caspase
3 and subsequent apoptosis in granulocytes.
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ability transition (MPT) and the release of cytochrome c [15,16].
Recently, it was reported that eosinophils contain a small number
of mitochondria-like structures, lacking functional respiration,
but with a suggested role to participate in the apoptotic process
[17].

Tributyltin (TBT) is a potent inducer of caspase activation and
apoptosis in human leukaemia T cell lines and human peripheral
T lymphocytes [18–22]. The caspase activation is preceded 
by early mitochondrial changes, including rapid loss of mito-
chondrial membrane potential (Dym) and release of cytochrome
c. Preincubation with the adenine nucleotide translocator (ANT)-
inhibitor, bongkrekic acid (BA), blocked TBT-induced mito-
chondrial changes and apoptosis in Jurkat cells, suggesting 
that TBT induces mitochondrial permeability transition (MPT)
specifically in these cells [21]. Initially, TBT was studied in 
the area of bioenergetics for its property of being an inhibitor of 
the mitochondrial ATP production via a direct interaction 
with the F0F1-ATP synthase [23–25]. Thus, TBT is an excellent
example of a mitochondrial toxin, which can both trigger apop-
tosis via the mitochondrial pathway and block mitochondrial ATP
production.

The present study aimed to characterize further the role of
the mitochondrion in granulocyte-apoptosis as well as to investi-
gate potential differences in apoptosis-susceptibility between
eosinophils and neutrophils by applying TBT.

MATERIALS AND METHODS

Study material
Blood from healthy donors was collected in citrate tubes (Vacu-
tainer, 5 ml, with 1 ml 0·129 M 9NC, Becton Dickinson, San 
Jose, CA, USA). The subjects gave their informed consent to 
participate in the study, which was approved by the Ethics 
Committee of the Karolinska Hospital, Stockholm, Sweden.

Purification of eosinophils and neutrophils
Blood was purified by Percoll centrifugation. The erythrocytes 
in the granulocyte pellet were haemolysed with + 4°C isotonic
NH4Cl-EDTA lysing solution (154 mM NH4Cl, 10 mM KHCO3, 
0·1 mM EDTA, pH 7·2) and incubated for 5 min at +15°C. To 
obtain purified eosinophils, a magnetic cell separation system
MidiMACS (Miltenyi, Biotec, Bergisch, Gladbach, Germany)
was used [26]. Cells were washed before being counted in a flow
cytometer (see below). The purity of separated eosinophils and
neutrophils was >95%.

Purification of lymphocytes
Blood from healthy donors was collected as described above, and
purified by Percoll centrifugation. The mononuclear cells from
the interface were collected and washed twice with 40 ml PBS 
and centrifuged for 12 min at 300 g and 400 g, respectively. The
mononuclear cells were then resuspended in hepes (10 mM)-
buffered RPMI 1640 medium (Gibco Ltd, Paisly, Renfrewshire,
UK) supplemented with 40% heat inactivated calf serum in a con-
centration of 1 million cells per ml. Cells were then incubated in
a tissue culture flask for 40 min at + 37°C. Under these conditions
the monocytes adhere to the plastic and the lymphocytes can be
collected after incubation. Lymphocytes were washed once in 
40 ml PBS and centrifuged for 12 min at 300 g before being
counted in a flow cytometer (see below). The purity of separated
lymphocytes was >95%.

Induction of apoptosis
Purified eosinophils or neutrophils were incubated with HEPES-
buffered RPMI 1640 medium (Gibco Ltd) supplemented with
10% heat inactivated calf serum. The death signal was given by 2
mM TBT (Sigma-Aldrich Chemical Co, St Louis, MO, USA) and
cells were exposed for 0–4 h at + 37°C, 5% CO2.

Caspase 3 activity
Caspase activity in intact eosinophils or neutrophils was measured
by using the cell permeable substrate PhiPhiLux-G2D2 (OncoIm-
munogen, Inc., Gaithersburg, MD, USA) containing the proto-
typical sequence DEVDG.

A minimum of 100 000 cells/tube were incubated with 10 mM

PhiPhiLux and 10% heat inactival calf serum at + 37°C, 5% CO2

for 60 min according to the manufacturer’s instruction. Cells were
then analysed in the FL-2 channel of a flow cytometer (see below).

Annexin-V and propidium iodide staining
One way of identifying apoptotic cells is to detect phos-
phatidylserine (PS), which is exposed on the outer leaflet of the
cell membrane in apoptotic cells. Granulocytes were therefore
analysed for their exposure of PS, determined by Annexin V
staining. Cell permeability was determined by propidium iodide
(PI) incorporation. The double staining with Annexin V and PI
gives an opportunity to distinguish between apototic and necrotic
cells.

A minimum of 100 000 cells were incubated on ice with cold
Annexin binding buffer, PI (Beckman Coulter, Inc., Fullerton,
CA, USA) and Annexin V (Beckman Coulter) according to the
manufacturer’s instructions. The cells were then analysed by flow
cytometry (see below).

Mitochondrial membrane potential
To measure the mitochondrial membrane potential (Dym) in 
granulocytes, we employed the fluorescent dye tetramethylrho-
daminutese (TMRE) (Molecular Probes, Eugene, OR, USA),
that accumulates in the inner mitochondrial membrane according
to the Dym. A loss of Dym can be monitored by flow cytometry as
a decrease in FL-2, expressed in a log scale. Briefly, eosinophils
or neutrophils (1 million cells/ml) were preincubated with 20 nM

TMRE at +37°C, 5% CO2 for 15 min before being exposed to TBT
(2 mM). The Dym was measured every 5 min for 20 min. TBT-
treated purified lymphocytes were used as positive control cells,
as it has been described previously that TBT reduces the Dym in
these cells [18]. The granulocytes were also tested for their
response to the mitochondrial uncoupler carbonyl cyanide 
m-chlorophenyl hydrazone (CCCP) (Sigma Chemical Co, St
Louis, MO, USA), a well-characterized agent known to dissipate
Dym in many cell types. Eosinophils, neutrophils and lymphocytes
were exposed to CCCP (10 mM) and Dym was monitored every 
5 min for 20 min by flow cytometry.

In some experiments, granulocytes were exposed to both TBT
(2 mM) and CCCP (10 mM). The Dym was measured as described
above.

Flow cytometric analysis
The different leucocyte preparations were analysed and counted
in an EPICS XL flow cytometer (Beckman Coulter). The cells
were distinguished by their different light scatter properties;
forward scatter (FS) reflects the cell size and side scatter (SS)
reflects the complexity/granularity.
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The instrument was calibrated daily with standardized 
10 mm fluorospheres, Flow-Check (Beckman Coulter). Flow-set
(Beckman Coulter), another fluorosphere with controlled fluo-
rescence intensity, was used to standardize the mean fluorescence
intensity (MFI) before each experiment. Unstimulated cells (cells
incubated with RPMI alone) were used to define the cut off level
for positively stained cells.

Morphological analysis of eosinophils
Smears for morphological studies were prepared by cytocentrifu-
gation at 400 rpm for 3 min in a Cytospin 3 Cytocentrifuge
(Shandon Scientific Ltd, UK). The cells were stained with
May–Grünwald–Giemsa and the morphology was analysed with
light microscopy (Nikon Eclipse E400).

Mitotracker Red CMX Ros and cytochrome c double-labelling
Eosinophils, neutrophils and lymphocytes (control cells) were
purified and stained with Mitotracker CMX Ros (75 nM) for mito-
chiondrial localization (Molecular Probes) for 45 min at + 37°C,
5% CO2, washed and followed by exposure to TBT (2 mM) for 0,
10, 30 or 60 min at + 37°C, 5% CO2. The cells were then separated
into different test tubes before treated according to a fixation and
permeabilization technique, the FOG-method [27]. Cells were
then incubated with 100 ml 0·1% BSA-c (Aurion, Seligenstadt,
Germany) for 30 min on ice before incubation with an antibody
to cytochrome c (mouse IgG1) (Pharmigen, San Diego, CA,
USA) or an irrelevant control antibody (mouse IgG1) (Dako A/S,
Denmark) for 30 min on ice. Cells were washed again and incu-
bated with a secondary fluorescent antibody Alexa fluor 488
(goat-antimouse) (Molecular Probes) for 30 min on ice. Finally,
cells were washed and smears for fluorescent studies were pre-
pared by cytocentrifugation as described above and mounted with
flouromount (Dako A/S, Denmark).

Fluorescence studies were performed by confocal laser
microscopy (Leica DM IRBE).

Statistics
The results are expressed as median (interquartile range). Statis-
tical evaluation was performed within groups using the non-
parametric methods Wilcoxon paired test. Differences were 
considered statistically significant at P < 0·05.

RESULTS

Caspase activity
Purified eosinophils were incubated with TBT (2 mM) for up to
240 min and assayed for caspase activity by measuring cleavage
of the caspase 3 substrate PhiPhiLux. TBT-exposure induced a
time-dependent induction of caspase activity in both eosinophils
and neutrophils. After only 10 min of treatment with 2 mM

TBT, 75·0% (58·6–91·4) of the eosinophils possess caspase 
activity, and after 30 min 88·6% (63·9–99·4) were positive (n = 7)
(Fig. 1a). The percentage of PhiPhiLux positive eosinophils incu-
bated with RPMI alone was 5·7% 3·7–6·2) across the time-course
(n = 17).

An increased caspase activity was also detected in 31·6%
(19·1–68·4) of the neutrophils after 10 min of exposure to 2 mM

TBT (n = 3), and in 69·6% (36·8–88·0) after 30 min of incubation
(n = 6). (Fig. 1b). Approximately 8·2% (3·1–12·3) of the neu-
trophils incubated with RPMI alone stained positive with
PhiPhiLux across the time-course (n = 7).

Morphological changes associated with apoptosis
To investigate whether the caspase activity occurred concurrently
with other apoptotic changes, purified eosinophils were exposed
to TBT (2 mM) up to 240 min before being monitored for 
their exposure of PS, determined by Annexin V staining or
May–Grünwald–Giemsa staining for detection of condensed
nucleus. Approximately 6·8% (4·9–18·8) of the eosinophils
stained positive for Annexin after 10 min of incubation with TBT
(n = 4). After 30 min the percentage Annexin-positive eosinophils
had increased to 85·3% (53·4–93·9) and after 60 min the positively
stained cells had increased further to 92·9% (89·4–95·6) (n = 7)
(Fig. 1a). Prolongation of the exposure time for up to 240 min did
not result in any additional apoptotic cells; instead the apoptotic
cells underwent secondary necrosis (n = 3) (Fig. 1a). The per-
centage of Annexin-positive cells incubated with RPMI alone was
12·7% (7·4–14·7) across the time-course (n = 15).

After 30 min of exposure to TBT, 4·2% (2·8–5·8) of the neu-
trophils stained positive for Annexin, and after 60 min 9·2%
(2·9–14·1) were positive (n = 6). The percentage of Annexin-
positive neutrophils continued to increase to 54·1% (50·4–75·1)
after 240 min of incubation (n = 3) (Fig. 1b). Only 3·3% (2·1–4·5)
of the neutrophils incubated with RPMI alone stained positive
with Annexin across the time-course (n = 9).

Purified eosinophils and neutrophils incubated either with or
without 2 mM TBT for 0–240 min were analysed for morphologi-
cal changes by May–Grünwald–Giemsa staining. Thirty minutes
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Fig. 1. The percentage of positively stained eosinophils (a) or neutrophils
(b) for caspase 3 activity and Annexin binding after incubation with TBT
(2 mM) at different time periods. Results are expressed as median value. 
�, Neutrophils PhiPhiLux; �, neutrophils Annexin.
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of incubation with TBT resulted in apoptotic eosinophils with
condensed nuclei, a main characteristic for apoptotic eosinophils
and neutrophils. No condensed nucleus was detected in neu-
trophils treated similarly (Fig. 2a,b).

Effect of TBT and CCCP on the mitochondrial membrane
potential
Induction of MPT and an early loss of Dym are typical of TBT-
induced apoptosis in cells with respiring mitochondria. We next
examined whether TBT induces MPT and also loss of Dym in
eosinophils with, as reported previously, non-respiring mitochon-
dria [17]. Eosinophils and neutrophils were stained with the Dy-
sensitive dye TMRE and changes in fluorescence were monitored
by flow cytometry and presented as change in MFI. Loading the
cells with TMRE alone for 15 min was set to 100%. After 20 min
of TBT (2 mM) exposure, a slight but non-significant reduction to
92% (84–109) of Dym was observed in eosinophils (n = 5) (Fig. 3a).
The Dym in neutrophils, on the other hand, remained almost
unchanged, although a slight non-significant hyperpolarization
108% (97–121) was detected (n = 5) (Fig. 3b). Purified peripheral
lymphocytes were used as a positive control, and we detected a

significant (P < 0·04) dissipation of the Dym after 10 min of expo-
sure (n = 5) (Fig. 3c).

The mitochondrial uncoupler CCCP dissipates Dym by
increasing membrane permeability to protons without interfering
with the respiratory chain or with the mitochondrial ATPase.
Eosinophils and neutrophils were exposed to CCCP and changes
in TMRE fluorescence was monitored every 5 min up to 20 min.
A significant (P < 0·04) hyperpolarization of eosinophil Dym

was observed within 5 min of exposure to CCCP (n = 5) (Fig. 3a).

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 128:267–274
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Fig. 2. The morphology of nontreated eosinophils and neutrophils (a) and
eosinophil and neutrophils exposed to TBT (2 mM) for 30 min (b).
May–Grünwald–Giemsa stains the acidophilic granules in eosinophils red,
while neutrophils, which do not contain acidophilic granules, remain
unstained.
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Fig. 3. The change in mitochondrial membrane potential in eosinophils
(a), neutrophils (b) and lymphocytes (c) determined by TMRE staining
after exposure to TBT (2 mM), CCCP (10 mM) or TBT (2 mM) + CCCP 
(10 mM) for different time periods. Results are expressed as mean value.
The mitochondrial membrane potential after loading the cells with TMRE
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Hyperpolarization of neutrophil mitochondria was also detected,
although the change was not statistically significant (n = 5) (Fig.
3b). In lymphocytes, CCCP significantly (P < 0·03) dissipated Dym

within 5 min (n = 5) (Fig. 3c).
Because neither TBT nor CCCP alone reduced Dym in

eosinophils and neutrophils, we next attempted to shut down 
all possible sources of Dym by exposing granulocytes to a 
combination of both substances. Indeed, within 5 min of TBT/
CCCP-exposure, a significant (P < 0·04) dissipation of Dym was
observed in both eosinophils and neutrophils (n = 5) (Fig. 3a,b).
In lymphocytes, TBT/CCCP-exposure resulted in significantly 
(P < 0·02) reduced Dym within 5 min (n = 5) (Fig. 3c).

Detection of cytochrome c
Induction of MPT associated with loss of Dym has been postulated
to be a main mechanism of cytochrome c release in many 
apoptotic systems. As we did not detect an early loss of Dym in
TBT-treated eosinophils or neutrophils, we next examined the
possibility that cytochrome c might be released without associated
loss of Dym. Eosinophils and neutrophils were purified and
immunostained with an anticytochrome c antibody followed by
examination by confocal laser microscopy. In freshly isolated
eosinophil, neutrophils and lymphocytes, cytochrome c exhibited
a punctuate distribution, which co-localized with mitochondria
stained by Mitotracker CMX Ros (Figs 4a,b, 5a,b and 6a,b). 

We were not able to detect any release of cytochrome-c from
eosinophils or neutrophils within the first 10 min of incubation
with 2 mM TBT, e.g. prior to caspase activation (n = 4) (Figs 4c,d
and 5c,d). Released cytochrome c was demonstrated in
eosinophils, but not until after 30 min of TBT-exposure (n = 4)
(data not shown).

In contrast, in purified lymphocytes treated similarly with
TBT, cytochrome c was released within 30 min, e.g. prior to
caspase activation (n = 3) (Fig. 6c-d) as reported previously
[18,20,21].

DISCUSSION

Apoptosis constitutes the most common form of physiological cell
death and is an important process to regulate cell turnover and
tissue homeostasis. Therefore, it is reasonable to assume that the
regulation of granulocyte apoptosis has a profound bearing on 
the immunological competence at the inflammatory site. In the
present study, we used a potent mitochondrial toxin to further
characterize the molecular mechanisms of granulocyte apoptosis.
Low concentrations of TBT induced caspase-3-like activity 
and apoptosis in human blood granulocytes within 1–2 h of treat-
ment. In eosinophils, the caspase activation was extremely rapid,
with a 14-fold increase after only 10 min of TBT-exposure,
whereas similar treatment of neutrophils resulted in a four- to
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Fig. 4. Detection of Mitiotracker CMX Ros (red colour) and cytochrome c (green colour) in eosinophils after treatment with RPMI (a,b)
or TBT (2 mM) for 10 min (c,d).



272 A. Nopp, J. Lundahl & H. Stridh

fivefold increase. In both cell types, typical apoptotic morphology
succeeded the caspase activity. However, the neutrophils
appeared less sensitive to TBT-induced apoptotic death. In these
cells, typical morphological markers of apoptosis, such as PS
exposure and condensed nuclei, were detected after 120 min of
exposure, 110 min after the initiation of caspase activity. In the
eosinophils, on the other hand, PS exposure was detected at 
30 min, 20 min after the initiation of caspase activity. Apparently,
there are differences in the kinetic between eosinophils and 
neutrophils.

Eosinophil-apoptosis constitutes an important step in the res-
olution of an allergic inflammation. Eosinophils recruited from
blood to allergic foci, e.g. the lung, display an activated state, and
the milieu of an allergic inflammation offers several anti-apop-
totic cytokines [28]. Both Il-5 and GM-CSF have been detected
in bronchoalveolar lavage (BAL) fluids from allergic individuals
[29], and in vitro-culture of eosinophils in the presence of these
cytokines up-regulated of the anti-apopoptotic family member
Bcl-xL, thus contributing to the delayed apoptosis [30]. On the
other hand, a GM-CSF-induced delay of neutrophil apoptosis was
associated with reduced levels of Bax, a pro-apoptotic member of
the Bcl-2 family [31].

Different susceptibilities towards apoptosis put forward the-
ories in differences in the regulation of the apoptotic machinery
between granulocyte subsets. One early checkpoint of regulation

is the mitochondrion. The mitochondrion plays a central role in
the initiation of apoptosis by releasing factors, such as cytochrome
c, that participates in the formation of the apoptosome complex
that activates the caspases. The mechanism of cytochrome c
release has been associated with the opening of the mitochondrial
permeability transition pore (MPT) followed by dissipation of
Dym.

The potential role of the mitochondrion in eosinophil-
apoptosis is, however, obscure. In a recent study, it was demon-
strated that eosinophils do contain a low number of mitochondria
with a maintained Dym, but without significant respiration. The
Dym was demonstrated to be generated by hydrolysis (performed
by a reversed ATP synthase) of cytosolic-generated ATP rather
than from respiration. The main role of the mitochondrion was
hypothesized to be to initiate apoptosis [17]. This was demon-
strated by inducing apoptosis by oligomycin, which primary effect
is to block the ATP synthesis by interaction with the F0F1-ATP
synthase. However, oligomycin does not induce MPT primarily
and is, in general, regarded as a poor inducer of apoptosis. TBT,
on the other hand, target the mitochondria selectively by binding
to the F0F1-ATP synthase, triggers MPT and induces apoptosis
rapidly in human T lymphocytes [18,21]. Based on these charac-
teristics, TBT was applied to characterize further the role of the
mitochondrion in granulocyte apoptosis.

In contrast to lymphocytes, the Dym remained stable up to 
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Fig. 5. Detection of Mitiotracker CMX Ros (red colour) and cytochrome c (green colour) in neutrophils after treatment with RPMI (a,b)
or TBT (2 mM) for 10 min (c,d).
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20 min in TBT-exposed eosinophils and neutrophils. A slight
decrease in Dym was observed at 20 min, a time-point at which the
caspases have already been activated. Mitochondrial effects in
granulocytes were also investigated upon exposure to the mito-
chondrial uncoupler, CCCP. In eosinophils and neutrophils no
loss of Dym was detected after 20 min of exposure. However, a
strong mitochondrial hyperpolarization, initiated at 5 min, was
observed. In energized mitochondria CCCP uncouples respira-
tion from the ATP synthesis by translocation of protons from the
matrix to the cytosolic side. In the granulocytes, CCCP did not
immediately reduced the Dym, indicating that the effect of CCCP
may be strongly compensated by an increased rate of import and
hydrolysis of cytosolic ATP in order to maintain the Dym. Expo-
sure to TBT alone, on the other hand, inhibits ATP hydrolysis,
the source of Dym, but does not reduce Dym. When cells were
exposed to both an agent that dissipated the Dym (CCCP) and to
an agent that inhibits the ATP hydrolysis (TBT), we detected a
significant reduction of Dym in both the eosinophils and neu-
trophils. These data support the theory that Dym in eosinophils is
derived by the hydrolysis of cytosolic-derived ATP, and not pri-
marily from respiration [17].

The mitochondrial action of TBT in granulocytes definitely
seems to differ from its action in lymphocytes, where ANT plays
a crucial role in the initiation of apoptosis. The ANT is one of the

key proteins involved in MPT and, possibly, in changes leading to
the release of mitochondrial proteins. We have shown previously
that TBT-induced loss of Dym, cytochrome c release and apopto-
sis in lymphocytes is blocked with bongkrekic acid (BA), an agent
that inhibits MPT [21,32]. In eosinophil-mitochondria, the ANT
is supposed to carry cytosolic ATP to the mitochondrial matrix,
as incubation with the ANT-inhibitor BA alone reduced Dym, sug-
gesting that eosinophils do contain ANT [17]. However, the
potential role of the ANT and the induction of classical MPT in
eosinophil mitochondria, lacking respiration, still awaits experi-
mental proofs.

To exclude the possibility that cytochrome c might be 
released by an alternative mechanism than induction of MPT in
granulocyte apoptosis, we performed immunohistochemistry of
cytochrome c release in TBT-treated eosinophils and neutrophils.
In all donors, cytochrome c was localized in the mitochondrion in
both neutrophils and eosinophils at the time-point of initiation 
of caspase activation (10 min), and not until the late stage of 
the TBT-induced apoptotic process was release of cytochrome
observed. The late dissipation of Dym and release of cytochrome
c after TBT-treatment therefore raises the question of whether
apoptosis in eosinophils and neutrophils can be induced through
a different pathway than via the mitochondrion. However, we
cannot role out the possibility that a small amount of mitochon-
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Fig. 6. Detection of Mitiotracker CMX Ros (red colour) and cytochrome c (green colour) in lymphocytes after treatment with RPMI (a,b)
or TBT (2 mM) for 30 min (c,d).
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drial cytochrome c (not detectable by immunohistochemistry)
may be released into the cytosol by an alternative mechanism
than induction of MPT, and that this small amount of cytochrome
c may be sufficient to activate the caspases.

In conclusion, we have demonstrated an extremely rapid
induction of caspase-3 activity and apoptosis in human blood
granulocytes without prior mitochondrial changes. Moreover,
eosinophils were more susceptible to TBT-induced apoptosis than
neutrophils, indicating differences in the kinetics between these
cell types. As apoptosis-stimuli we used TBT, in many systems a
classical way to induce apoptosis via the mitrochondrial pathway
by the induction of MPT. In our system, granulocyte apoptosis
was not preceded by MPT-induction, loss of Dym and cytochrome
c release. Although our results show little or no evidence of mito-
chondrial involvement in the initiation of TBT-induced apopto-
sis, this does not role out the possibility of an important role of
mitochondria in other apoptotic systems in eosinophils. However,
our results have improved knowledge of the comprehensive view
of granulocyte apoptosis, thus opening a plausible opportunity for
a mitochondrial-independent pathway of induction of caspase 3
activity and subsequent apoptosis in granulocytes. Finally, the
knowledge of the role of mitochondria is still obscure, and needs
more extensive examination to be elucidated completely.
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