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Chapter V 
Functional characterization of mitochondria in neutrophils: a role 
restricted to apoptosis 
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Abstract 
Mitochondria are known to combine life-supporting functions 
with participation in apoptosis by controlling caspase activity. 
Here, we report that in human blood neutrophils the 
mitochondria are different, because they preserve mainly 
death-mediating abilities. Neutrophil mitochondria hardly 
participate in ATP synthesis, and have a very low activity of 
the tested marker enzymes. The presence of mitochondria in 
neutrophils was confirmed by quantification of mitochondrial 
DNA copy number, by detection of mitochondrial porin, and 
by JC-1 measurement of Ai/rm. During neutrophilic differ
entiation, HL-60 cells demonstrated a profound cytochrome c 
depletion and mitochondrial shape change reminiscent of 
neutrophils. However, blood neutrophils containing extremely 
low amounts of cytochrome c displayed strong caspase-9 
activation during apoptosis, which was also observed in 
apoptotic neutrophil-derived cytoplasts lacking any detect
able cytochrome c. We suggest that other proapoptotic 
factors such as Smac/DIABLO and HtrA2/Omi, which are 
massively released from the mitochondria, have an important 
role in neutrophil apoptosis. 
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Introduction 
Mitochondria are known as organelles in which a large amount 
of energy, required for cell maintenance and function, is 
processed in the form of ATP. During the last decade, it has 
been shown that the mitochondria possess additional functions 
in cell death.1 These organelles contain a number of proteins in 
the intermembrane space, which, once released into the 
cytosol, induce and/or amplify the activation of apoptotic 
caspases. One of these proteins, cytochrome c, plays a key 
role in mitochondrial respiration, transferring electrons from 
complex III to complex IV of the respiratory chain. Cytochrome 
calso participates in the assembly of a multimolecular complex 
known as the apoptosome, which promotes activation of the 
initiator caspase-9 and constitutes a core element of the 
intrinsic (mitochondrial, stress-induced) pathway of apoptosis. 
For other mitochondrial proteins, such as AIF, Smac/DIABLO 
and Omi/HtrA2, only proapoptotic functions have been 
identified so far.1 Apparently, in most cell types, the mitochon
dria combine functions related to cellular life and death. 

In this light, the human neutrophil seems to be an 
exceptional cell for several reasons. For a long time, the 
abundance and function of mitochondria in neutrophils have 
been debated. It was believed that neutrophils possess no or 
only a few mitochondria, which do not play a role in their 
function. This point of view was mainly based on the 
observation that mitochondrial poisons like cyanides do not 
influence cellular functions in neutrophils.2 Moreover, electron 
microscopy studies identified hardly any mitochondria in 
neutrophils (see the references in Fossati et a/.3), and 
mitochondrial respiration was found to be very low in these 
cells.4 However, mitochondria have been recently visualized 
in neutrophils as a tubular network, by means of specific 
fluorescent dyes.3,5 Furthermore, in neutrophils undergoing 
spontaneous or induced apoptosis, the mitochondria form 
clusters to which the proapoptotic Bax protein also is 
localized.5-7 Such a subcellular redistribution of Bax to 
mitochondria upon apoptosis is known to result in the 
permeabilization of the outer mitochondrial membrane, with 
the subsequent release of additional proapoptotic proteins.1 

Hence, this finding gave some evidence that the mitochondria 
in neutrophils are involved in apoptosis. 

In the present study, we show that the mitochondria, 
although limited in number, do participate in the neutrophil 
apoptosis. These organelles hardly display any marker 
mitochondrial enzymatic activity, do not synthesize much 
ATP, but preserve their transmembrane potential (Ai/<m) and 
are loaded with proapoptotic proteins, which are released into 
the cytosol upon induction of neutrophil apoptosis. During 
maturation of the myeloid HL-60 cells into neutrophil-like cells, 
cytochrome c is strongly reduced and almost completely 
absent in human neutrophils. Moreover, we show that, 
apparently, cytochrome c-independent caspase-9 activation 
occurs in neutrophil-derived cytoplasts, which lack mitochon
dria and are devoid of cytochrome c. 
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Results 

Neutrophils possess mitochondria, which do not 
synthesize ATP, have limited specific enzymatic 
activity, but maintain the transmembrane potential 
(Afm) 
Mitochondria in neutrophils have been identified by means of 
specific fluorescent dyes as a network of tubular elongated 
structures.3'5,6 However, in neutrophils, these organelles 
hardly play a role in energy metabolism as they do in other 
cells. This conclusion was derived from the experiment shown 
in Figure 1, where ATP concentrations in neutrophils were 
measured under various conditions. We found a modest 
decrease (about 30%) of ATP levels in untreated neutrophils 
after 6 h of culture in comparison to fresh neutrophils, which 
probably reflects a constitutive senescence process.8 The 
inhibitors of mitochondrial respiration rotenone, TTFA, and 
sodium azide9 caused no or only little additional reduction in 
the neutrophil ATP levels (Figure 1), whereas in the myeloid 
HL-60 cell line, for instance, rotenone induced a pronounced 
(~70%) ATP depletion, decreasing the ATP concentration 
after a 6 h incubation from 4900 ± 461 to 1466 ± 183 pmol per 
106 cells (mean + S.D.; n=3). This can be explained by the 
fact that neutrophils mainly use glycolysis rather than 
mitochondrial oxidative phosphorylation for their energy 
supply.2 Accordingly, inhibitors of glycolysis such as sodium 
iodoacetate and 2-deoxyglucose caused a profound ATP loss 
with less than 1 % of ATP remaining in comparison to 
untreated neutrophils (Figure 1; and data not shown). More
over, two important mitochondrial enzymes, glutamate dehy
drogenase (GDH) and fumarase, which are often used as 
markers of mitochondria,10-12 displayed a borderline low 
activity in neutrophils in contrast to HL-60 cells, which have 
actively respiring mitochondria13,14 (Figure 2). At the same 
time, the activity of the cytoplasmic marker lactate dehydro
genase (LDH) was nearly identical in neutrophils and HL-60 
cells, confirming an overall intactness of enzymes in the 
neutrophil cell lysates (Figure 2). Also, the activity of GDH and 

6 h incubation 

Figure 1 ATP concentrations in neutrophils. Fresh neutrophils or neutrophils 
treated for 6 h with or without inhibitors of mitochondrial respiration rotenone 
(0.1 mM), TTFA (0.3 mM) or Na Azide (2 mM) or the inhibitor of glycolysis sodium 
iodoacetate (SIA; 0.5 mM) were collected, and ATP concentration was measured 
by a luciferase-based assay. The data represent the mean + S.D. from four 
independent experiments 
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Figure 2 Enzymatic activity of GDH, fumarase and LDH in neutrophils and HL-
60 cells. Specific enzymatic reactions for the mitochondrial marker enzymes GDH 
(left panel) and fumarase (middle panel) or for the cytoplasmic enzyme LDH (right 
panel) were measured spectrophotometrically in the Triton-X100 cell extracts 
from neutrophils (closed bars) or HL-60 cells (open bars). Results show the slope 
of the OD34onm decrease (-AOD34onm per min) for GDH and LDH or a slope of 
the OD250nm increase (AOD25onm per min) for fumarase. The total content of 
protein was ~50^g (GDH, fumarase) or ~5//g (LDH) per reaction; data 
(mean + S.E.M.) obtained in six separate experiments 

fumarase in the neutrophil + HL-60 T-X100 colysates was 
similar to that of the only HL-60 T-X100 lysates, excluding thus 
a possibility of nonspecific proteolytic degradation (see below) 
of these enzymes in the neutrophil T-X100 cell lysates (not 
shown). 

However, despite the virtually absent oxidative phosphor
ylation, neutrophil mitochondria do maintain their Ai/»m. This 
was monitored by staining neutrophils with JC-1, a fluorescent 
dye, which differentially stains mitochondria in accordance to 
their Ai/»m.15 Active mitochondria with high Aipm accumulate 
JC-1 aggregates, which are red, whereas, in the mitochondria 
with low Ai/'m (inactive), JC-1 stays in a monomeric, green 
form. This renders the red/green ratio, a sensitive indicator of 
the mitochondrial Aipm changes, which does not depend on 
other factors such as mitochondrial size, shape and density, 
that may influence single-component fluorescent signals.16 

Analyzed in this way in a real-time plate reader assay, Ai/,m 

stayed relatively stable in untreated fresh neutrophils, while it 
was rapidly (within 5 min) dissipated by the uncoupler CCCP 
or by the K + ionophore valinomycin (Figure 3). The same was 
observed in HL-60 cells (Figure 3). These results were 
confirmed by FACS analysis of the neutrophil cell suspension 
stained by JC-1 (data not shown). 

The number of the mitochondrial DNA copies in 
neutrophils is low 

The data shown above confirm that neutrophils do possess 
mitochondria. However, regarding the findings that neutro
phils hardly display any mitochondrial oxidative phosphoryla
tion and show a lack of mitochondrial marker enzyme 
activities (see Figures 1 and 2), the relative number of 
mitochondria in neutrophils remained unclear. To resolve this 
question, we employed a quantitative PCR on the human 
cytochrome c oxidase subunit I (CCOI) gene encoded by 
mitochondrial DNA,17 because mitochondria are unique 
organelles with a separate, autonomously replicating DNA 
genome.18 The CCOI PCR, paralleled by PCR on the nuclear 
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Figure 3 A^ m in neutrophils and HL-60 cells measured by JC-1 staining. 
Neutrophils (top graph) or HL-60 cells (bottom graph) were stained with JC-1 
(1 /ig/ml) and analyzed in a real-time plate reader assay. Ai/»m was monitored for 
20 min without additions (open circles), with 5 /iM CCCP (closed squares) or with 
5ftM valinomycin (closed triangles). Results are expressed as a change in the 
ratio between red JC-1 fluorescence (Em 590 nm), and green JC-1 fluorescence 
(Em 535 nm) over time. Each point represents the mean + S.E.M. from three 
(neutrophils) or six (HL-60) experiments 

gene for the human albumin, which have two copies per 
nuclear genome, yields a relative estimation of the number of 
mtDNA copies per cel l . As shown in Figure 4, neutrophils had 
3 0 - 4 0 and 10 -15 t imes less copies of the mitochondrial 
genome in compar ison to HL-60 cells and PBMC, respec
tively. 

During the neutrophilic lineage maturation, HL-60 
cells gain tubular mitochondria and lose 
cytochrome c expression 

Despite a limited role of neutrophil mitochondria in cellular 
metabolism, our recent studies have suggested that these 
organelles might be involved in neutrophil cell death.5,6 In an 
attempt to clarify the role of mitochondria in apoptosis, we 
studied the expression of a number of proapoptotic mitochon
drial proteins. ,19 Unexpectedly, none of the tested proteins, 
including cytochrome c, AIF, Omi and Smac gave a positive 
signal in Western blot (Figure 5, lane 1), whereas a 
mitochondrial isoform of superoxide dismutase (MnSOD) or 
the cytoplasmic protein Bax were readily detectable (Figure 5, 
lane 1). In contrast, all proteins of interest were present in HL-
60, pr imary monocyte and lymphocyte cell lysates (Figure 5, 
lanes 2, 7 and 8). A t this point, we supposed that neutrophils 
may have lost most of the cytochrome c during maturat ion. To 
address this possibility, the HL-60 cells were induced to 
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Figure 4 Quantification of the mtDNA copy number by real-time PCR. Total 
DNA was extracted from indicated cells, and LightCycler real-time quantitative 
PCR was performed with primers specific for the human mitochondrial gene 
cytochrome c oxidase subunit I (CCOI) and for the human nuclear gene albumin. 
Values indicate the number of CCOI copies per albumin copy, calculated as 
described in Materials and Methods; the individual values and means (+S.E.M.) 
of four independent experiments 
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Figure 5 Expression of mitochondrial proteins and Bax in primary leukocytes 
and in HL-60 cells. Whole-cell lysates were prepared without (lanes 1-3,7,8) or 
with (lanes 4-6) DFP preincubation before lysis (see Materials and Methods). 
Equivalents of 1 x 106 neutrophils (lanes 1 and 3), 0.25 x 106 HL-60 cells (lanes 
2 and 5) or of their colysates (lanes 3 and 6), of 0.5 x 106 monocytes and 
lymphocytes (lanes 7 and 8, respectively) were subjected to SDS-PAGE. 
Western blot was performed with specific antibodies for the indicated proteins. 
The results represent three independent experiments 
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differentiate to the neutrophilic lineage by DMSO. The 
maturing cells showed a gradual increase in NADPH-oxidase 
activity (Figure 6a), which after 5 days of maturation was 
about half of that of primary neutrophils (3315 ±693 relative 
fluorescence units (RFU)/min for 5-day-DMSO-treated HL-60 
and 6725±1156RFU/min for primary neutrophils; mean± 
S.E.M., n=3). In parallel, the shape of the mitochondria was 
monitored. As shown in Figure 6b (left panel), undifferentiated 
HL-60 cells had punctate mitochondria. Remarkably, in the 
maturing cells, the mitochondria changed their shape into 
tubular structures (Figure 6b, right panel), as previously found 
in neutrophils.5 The number of cells with tubular mitochondria 
was growing in correspondence to the increase in the 
NADPH-oxidase activity (Figure 6a and c). Then, we 
measured the expression of the proapoptotic mitochondrial 
proteins during HL-60 maturation by Western blot. 
Cytochrome c expression was found to rapidly drop just 
after the first day of DMSO treatment, reaching the detection 
limit on the fifth day, whereas the expression of AIF, Omi 
and Smac remained relatively stable during the whole period 
of maturation (Figure 6d). These data indicate that, during 
the neutrophilic maturation, HL-60 cells selectively lose 
cytochrome c expression and form tubular mitochondria, 
which may be considered as indicators of neutrophil 
maturation. 

In the neutrophil cell lysates, detection of 
mitochondrial proteins is limited due to 
nonspecific proteolysis 

Our failure to detect mitochondrial proteins in neutrophil 
lysates may reflect the low number of mitochondria per 
neutrophil (see Figure 4), with the quantity of proteins below 
the Western blot detection limit. Alternatively, the tremendous 
proteolytic potential of neutrophils may cause aspecific 
degradation of proteins, leading to loss of their detection.7'20 

As shown in Figure 5, lane 1, together with apoptosis-
related mitochondrial proteins, porin, a channel-forming 
protein in the outer mitochondrial membrane (also known as 
voltage-dependent anion channel, VDAC),21 was undetect
able. Due to its abundance, porin is often used as a reference 
standard in Western blot when assaying other mitochondrial 
proteins.22 At the same time, another mitochondrial marker 
MnSOD2324 gave a strong signal (Figure 5, lane 1). This 
contradiction suggested a selective nonspecific proteolysis of 
mitochondrial proteins in the conventional neutrophil lysates. 
Indeed, when neutrophils and HL-60 cells, in numbers loaded 
in lanes 1 and 2, respectively (Figure 5), were lysed together, 
the signals from cytochrome c, AIF, Omi, Smac and porin, 
normally present in the HL-60 lysates, were dramatically 
reduced (Figure 5, lane 3). This happened despite the 
presence of a broad-spectrum protease inhibitor cocktail 
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during the lysis procedure, which allowed detection of the 
signals in the other cell preparations (Figure 5, lanes 2, 7 and 
8). Detection of MnSOD and Bax remained good in all the 
three preparations (Figure 5, lanes 1-3). Preincubation of 
cells with the serine protease inhibitor DFP before lysis (see 
Materials and Methods section) enabled detection in the 
neutrophil lysates of AIF, Omi, Smac and porin (Figure 5, lane 
4). For all further immunoblotting analyses, the cell lysates 
were prepared in the presence of DFP. However, cytochrome 
c was still undetectable, and this could not be explained by 
aspecific proteolysis, because cytochrome c displayed a 
strong signal in the DFP-protected colysate of neutrophils and 
HL-60 cells (Figure 5, lane 6). 

Neutrophil mitochondria release proapoptotic 
proteins into the cytosol during apoptosis 

To show that the neutrophil mitochondria release their 
proapoptotic proteins into the cytosol upon apoptosis, sub
cellular fractionation into cytosolic and mitochondria fractions 
was performed. As a model of apoptosis, we used the 3-h 
TNF-o/CHX-treated neutrophils, which die rapidly and mas-

Neutrophils 

sively by classical caspase-dependent apoptosis.25-27 These 
conditions appeared to be optimal, because the majority of 
neutrophils become apoptotic (70-80% bind Annexin-V (see 
the legend of Figure 7) and display morphological apoptosis 
(not shown)), while preserving the intactness of the plasma 
membrane (PI staining in <5%). These circumstances thus 
minimize the possibility for proteins to leak out of the cell, 
which is real during an overnight culture, when ~ 15-30% of 
cells become Pl-permeable. The same reasons are applicable 
for the etoposide-induced HL-60 apoptosis, used in our study. 

Subcellular fractionation discovered a weak cytochrome c 
expression in the neutrophil mitochondrial fraction (Figure 7, 
lanes 4 and 5), apparently due to the increased protein 
concentration. As shown in Figure 7, none of the mitochon
drial proteins was present in the cytosol of freshly purified 
neutrophils (lane 1) or neutrophils cultured without additions 
for 3 h (lane 2). The cytosol of untreated HL-60 cells was also 
free of those proteins (Figure 7, lane 7). Induction of apoptosis 
with TNF-a/CHX coincided with a massive release of Omi and 
Smac from the mitochondria, where they are normally present 
in intact cells (Figure 7, lanes 4 and 5), into the cytosol 
(Figure 7, lane 3), with a concomitant decrease in signal from 
the mitochondrial fraction (Figure 6, lane 6). The same was 

HL-60 

Cytosol Mitochondria Cytosol Mitochondria 

Cytoc 

Apaf-1 

Figure 7 Release of proteins from mitochondria to the cytosol in neutrophils and HL-60 cells during apoptosis. Digitonin-based cell fractionation was performed in fresh 
neutrophils (lanes 1 and 4; < 5% Annexin-V + cells), in neutrophils incubated for 3 h without additions (lanes 2 and 5; 10 ± 2% Annexin-V • cells) or with TNF-o/CHX to 
induce apoptosis (T/C; lanes 3 and 6; 74±3% Annexin-V ~ cells). The same procedure was applied to the untreated (lanes 7 and 9; <5% Annexin-V cells) or 
etoposide-treated HL-60 cells ( + Eto; lanes 8 and 10; 29 ±2% Annexin-V ' cells). The percentage of Annexin-V ' cells is given as mean±S.E.M. (n=3). All steps 
were performed in the presence of 2 mM DFP. Thereafter, the cytosol (lanes 1-3,7,8) and the mitochondrial (lanes 4-6,9,10) fractions were subjected to SDS-PAGE. 
Western blot was performed with specific antibodies for the indicated proteins. Each neutrophil fraction represents ~ 2 x 10 cells, each HL-60 fraction represents 
~0.4 x 106 HL-60 cells. The probe with antiporin and anti-Apaf-1 Ab served as a reference for mitochondria and cytosol, respectively. The results represent three 
independent experiments 
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happening in HL-60 cells treated with etoposide (Figure 7, 
lanes 8 and 10). A faint band of cytochrome c was found in the 
TNF-a/CHX-treated neutrophil cytosol only after film over
exposure (not shown), whereas it was readily detectable in the 
cytosol of the etoposide-treated HL-60 cells (Figure 7, lane 8). 
AIF was present only in the mitochondrial fraction, irrespective 
of the extent of apoptosis, both in neutrophils and HL-60 cells 
(Figure 7, lanes 4-6, 9 and 10). Pellet fractions after the 
mitochondrial lysis step, which contained unsolubilized 
proteins, possessed a small amount of AIF, as determined 
by Western blot (data not shown). This supposed that, under 
our experimental settings, AIF did not undergo the nuclear 
translocation observed in other cell types.19 The purity of 
subcellular fractions was confirmed by detection of porin (see 
above), which was exclusively present in the mitochondrial 
fractions of neutrophils and HL-60 cells (Figure 7, lanes 4-6,9 
and 10). In contrast, the cytosolic protein Apaf-1 was indeed 
found only in the cytosol fractions, both in neutrophils and HL-
60 cells (Figure 7, lanes 1-3, 7 and 8), irrespective of 
apoptosis. Bax protein is known to have a cytosolic localiza
tion in intact neutrophils (Figure 7, lanes 1 and 2), and 
translocates to the mitochondria upon apoptosis,5,6 as is 
evident in Figure 7, lanes 3 and 6. In HL-60 cells, Bax was 
localized both in the cytosol and mitochondria without 
significant changes during apoptosis (Figure 7, lanes 7-10). 
Thus, the neutrophil mitochondria actively participate in cell 
death, releasing a number of proapoptotic proteins into the 
cytosol upon induction of apoptosis. 

Neutrophils activate caspase-9 during apoptosis 

There are two major pathways of apoptosis within a cell. The 
extrinsic (death receptor-dependent) pathway proceeds 
through caspase-8 activation, whereas the intrinsic (mito
chondrial, stress-induced) route of apoptosis involves a 
cytochrome c/Apaf-1 -dependent assembly of apoptosome 
and activation of caspase-9. However, this division is some
what artificial, because both pathways overlap and can 
amplify each other, with active caspase-3 as a common final 
effector. Considering the very low expression of cytochrome c 
in neutrophils, which was only detectable after subcellular 
fractionation (see Figure 5, lane 4, and Figure 7), the question 
emerged as to whether the classical apoptosome-dependent 
caspase-9 activation is operative in neutrophils. Data in 
Figure 7 (lanes 1-3) show the other component of the 
apoptosome (Apaf-1) to be present in the neutrophil cytosol. 
Moreover, the Apaf-1 expression in neutrophils was much 
higher compared to HL-60 cells (Figure 8a, lanes 1 and 2). 
Next, caspase-9 activation was studied by specific antibodies 
on Western blot. In neutrophil preparations in which apoptosis 
was minimal, the full-length caspase-9 proenzyme was 
present, whereas it was almost absent in apoptotic cells 
(Figure 9, caspase-9, upper panel, lanes 1-4), indicating 
proteolytic activation. Complete caspase-9 activation was 
evident in neutrophils that went into apoptosis after induction 
of the extrinsic death pathway (TNF-a + CHX), which is 
believed to be initiated by processing of caspase-8 (Figure 9, 
lane 3). On the other hand, overnight cultured neutrophils 
(81 +4.6% Annexin-V + cells; mean ± S.E.M., n=3), which die 
without external stimulation through intrinsic mechanisms, 

Figure 8 No expression of cytochrome c and porin in neutrophil-derived 
cytoplasts. (a) Total cell lysates were prepared from HL-60 cells (lane 1), 
neutrophils (lane 2), or cytoplasts (lane 3) in the presence of 2 mM DFP, and 
equal amounts of protein (~ 30 HQ) were separated by SDS-PAGE. Western blot 
was performed with antibodies specific for the indicated proteins, (b) Cytochrome 
c was immunoprecipitated from the cell lysates (~ 100/̂ g of total protein), the 
precipitates were resolved by SDS-PAGE followed by Western blot. The blot was 
probed with an anticytochrome c monoclonal Ab. The results are representative 
for three independent experiments 

displayed both caspase-9 and -8 (Figure 9, lane 4) activation 
as well. Activation of caspase-9 and -8 was also observed in 
etoposide-treated HL-60 cells (Figure 9, lane 8). Finally, 
promotion of either pathway led to caspase-3 activation 
(Figure 9, lanes 3 and 4), which was also found in apoptotic 
HL-60 cells (Figure 9, lane 8). Thus, despite the extremely low 
expression of cytochrome c, the activation of caspase-9 is 
functional in neutrophils. Moreover, processing of caspase-9 
was also followed by an increase in enzymatic activity of 
caspase-9 in apoptotic neutrophils, which was monitored by 
cleavage of the specific fluorogenic caspase-9 substrate Ac-
LEHD-AMC,28 as described earlier29 (data not shown). 

Mitochondria-free neutrophil-derived cytoplasts 
still activate caspase-9 
In our recent studies, we have reported a model of neutrophil 
apoptosis that we consider as a 'mitochondria-free' system, 
namely the cytoplast cell death.5,6 In the present study, the 
absence of mitochondria in cytoplasts was confirmed by the 
lack of porin expression (Figure 8a, lane 3). In the neutrophil 
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Figure 9 Activation of caspases in neutrophils, neutrophil-derived cytoplasts 
and HL-60 cells upon apoptosis. Total cell lysates were prepared in the presence 
of 2 mM DFP from fresh neutrophils (lane 1), from neutrophils cultured for 3 h or 
overnight without additions (lanes 2 and 4, respectively) or with TNF-a/CHX (lane 
3); from fresh cytoplasts (lane 5) or from cytoplasts cultured untreated overnight 
(lane 6); and from untreated (lane 7) or etoposide-treated HL-60 cells (lane 8). 
The equivalent of ~30/<g total protein was subjected to SDS-PAGE, and 
Western blot was performed with specific Abs for indicated proteins. The 
expression of Bax was used as a control for protein loading. The results are 
representative of three independent experiments 

cytoplasts, from which the organelles had been removed by a 
discontinuous gradient ultracentrifugation, we still observed 
apoptotic changes after overnight culturing reminiscent of 
those of intact neutrophils, including membrane flip-flop with 
phosphatidylserine exposure on the cell surface (54±7% 
Annexin-V+ cytoplasts; mean + S.E.M., n=3) and the activa
tion of caspase-8 and -3, which were all absent in fresh 
cytoplasts (Figure 9, lanes 5 and 6; see Maianski et a/.5). 
When we now checked the processing of procaspase-9 in 
apoptotic cytoplasts, it was found to be normal, and, more
over, complete cleavage of the 47-kDa procaspase-9 was 
accompanied by detection of a 37-kDa active fragment of 
capsase-9 in cytoplasts (Figure 9, caspase-9, upper and 
lower panels, lane 6), which was missing in lanes with the 
apoptotic neutrophil cell lysates (Figure 9, caspase-9, lower 
panel, lanes 3 and 4). This may be explained by enhanced 
apoptotic degradation or by nonspecific proteolysis during 
sample preparation (see above) of the active caspase-9 in the 
neutrophils, because cytoplasts are devoid of granules (and 
their proteases). Also, in apoptotic HL-60 cells, which have a 
weak proteolytic potential, the active caspase-9 was detect
able (Figure 9, caspase-9, lower panel, lane 8). 

The intact activation of caspase-9 in cytoplasts stimulated 
us to investigate their apoptosome pathway of cell death in 
more detail. Apaf-1 was present in the cytoplast lysate 
(Figure 8a, lane 3). At the same time, we were unable to 
detect any cytochrome c in cytoplasts, either by conventional 
Western blot or by cytochrome c immunoprecipitation (Figure 
8a and b, lane 3), whereas cytochrome c was immunopreci-
pitated from the HL-60 and - to a minute extent - from 
neutrophil preparations (Figure 8b, lanes 1 and 2, respec
tively). 

Discussion 
In the present study, we investigated the role of mitochondria 
in neutrophil physiology. The neutrophil mitochondria ap
peared to be peculiar organelles compared to mitochondria in 
other cell types. The best known function of mitochondria is 
their leading role in cellular energy metabolism, that is, 
oxidative phosphorylation to produce ATP. The oxidative 
reactions proceed in the mitochondrial respiratory chain, 
which consists of several inner membrane-embedded enzy
matic complexes. In neutrophils, the mitochondria hardly 
contribute to the ATP level, as was evident from experiments 
with specific inhibitors of different respiratory complexes 
(Figure 1). They also lack activity of marker enzymes such 
as GDH and fumarase (Figure 2). At the same time, an 
important component of the outer mitochondrial membrane, 
porin, which regulates the transmembrane ion flow,21 is 
expressed in neutrophils, proving the presence of mitochon
dria in these cells (Figures 7 and 8a). The mitochondria in 
neutrophils do maintain Aipm, which is sensitive to CCCP and 
to valinomycin (Figure 3; see below). Furthermore, employing 
the real-time quantitative PCR, we discovered that neutrophils 
possess mtDNA, an indispensable and absolute marker of 
mitochondria. This technique also demonstrated that the 
mitochondria in neutrophils are much less abundant than in 
other primary leukocytes or HL-60 cells (Figure 4), but their 
number is higher than 5-6 per cell, as previously estimated by 
electron microscopy.30 

A growing body of evidence demonstrates that mitochon
dria combine well-known metabolic functions with an involve
ment in the control of cell death.1 In neutrophils, the 
mitochondria lack life-supporting activity, but regulate neu
trophil cell death, thus representing an exceptional type of 
organelle. The neutrophil mitochondria express and release 
into the cytosol a number of proapoptotic proteins during 
apoptosis, among which are cytochrome c, Smac/DIABLO 
and Omi/HtrA2 (see below). This was established only after 
we prevented the loss of Western blot signal due to 
nonspecific proteolysis by the addition of DFP. Nonspecific 
degradation of other proteins, including for instance STAT20 

and procaspase-3,7 leading to loss of their detection, has 
been reported. This underscores that in neutrophils, which 
possess a powerful proteolytic potential, the absence of 
protein detection does not necessarily indicate that a protein is 
not expressed. Indeed, the use of the DFP-treated neutrophil 
lysates enabled us to detect the mitochondrial proapoptotic 
effector Smac and caspase-9 (Figures 7 and 9), whereas 
other investigators7,24 have failed to detect these in neutro
phils. 

Cytochrome cis believed to be one of the principal apoptotic 
players. It is released from mitochondria upon an apoptotic 
insult and participates in the assembly of the apoptosome to 
promote caspase-9 activation.31'32 However, the present data 
and the results from other studies7'24,25 indicate that 
neutrophils express an extremely low amount of cytochrome 
c. In our hands, cytochrome cwas only detectable by Western 
blot after concentration procedures such as subcellular 
fractionation or immunoprecipitation (see Figures 5, 7 and 
8b). Moreover, during the DMSO-induced neutrophilic differ
entiation of HL-60 cells, we observed a gradual depletion of 
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cytochrome c expression, coinciding with increased expres
sion of the NADPH-oxidase system and elongation of 
mitochondria (see Figure 6). This was not a nonspecific loss 
of signal due to an increase of proteolytic capacity in maturing 
cells, because the level of other tested proteins remained 
stable. Probably, the cytochrome c deficiency is a 'genuine' 
feature of mature neutrophils, which may explain particular 
features of their physiology. 

A lack of cytochrome c means a lack of the mitochondrial 
respiratory chain complex IV activity, which was indeed 
undetectable in neutrophils by a cytochrome c-oxidase activity 
assay33 (data not shown). Theoretically, this situation 
(absence or lack of cytochrome c) may lead to accumulation 
of electrons in the respiratory chain and subsequent formation 
of reactive oxygen species (ROS), if the other respiratory 
complexes, which do not need cytochrome c, are still active. 
The latter is currently under investigation, although we expect 
that cytochrome c-independent mitochondrial complexes are 
likely to preserve some activity in neutrophils, because 
mitochondria-derived ROS have been shown to mediate the 
TNF-a-induced caspase-independent neutrophil cell death.6 

In this respect, also a high expression of the mitochondrial 
anti-oxidant enzyme MnSOD in neutrophils seems to be 
logical (see Figure 5, lane 4 and Murphy etal.24), because this 
enzyme may have the important physiological role of 
inactivating excessive ROS in the absence of the functional 
'natural' sink of electrons - complex IV. Increased oxidant 
injury due to loss of the protective function of MnSOD has 
been proposed to play a role in glucocorticoid-induced 
apoptosis of eosinophils,34 which are believed to have a 
defective mitochondrial respiration like neutrophils.4 

Neutrophil mitochondria lacking cytochrome c and having 
no complex IV activity do, however, create Aij/m (Figure 3), 
although the underlying mechanism remains unclear. It has 
been hypothesized that eosinophils, close 'relatives' of 
neutrophils, which also rely on glycolysis for their energy 
demands, use ATP transported from the cytoplasm into the 
mitochondria to maintain Ai/rm.4 However, this hypothesis 
seems not to be applicable to neutrophils, because the 
inhibitor of the mitochondrial adenine translocator, bongkrekic 
acid, which blocks the ATP transport to the mitochondrial 
matrix, had no effect on Ai^m in neutrophils (not shown). 
Similarly, inhibition of glycolysis by sodium iodoacetate did not 
influence A\j/m in neutrophils (during a 90 min incubation), 
despite a 99% depletion of ATP (not shown). More likely, here 
is again a role for the remaining respiratory complexes, whose 
proton-pumping activity may control Aij/m. In agreement with 
this suggestion is the sensitivity of the neutrophil Aij/m to 
uncouplers or K + ionophores, such as CCCP and valinomy-
cin, observed by us (see Figure 3) and others.3,35 

The cytochrome c deficiency raised the question about 
functionality of the intrinsic (mitochondrial) pathway of 
apoptosis in neutrophils, which has not yet been studied 
before. This pathway is initiated by release of cytochrome c 
from the mitochondria, promoting the oligomerization of Apaf-
1 and recruitment of the caspase-9 zymogen. Such a 
multimolecular complex consisting of cytochrome c, Apaf-1 
and caspase-9 is called an apoptosome and contains 
enzymatically active caspase-9.32 Our present results indi
cate that caspase-9 is activated in neutrophils during either 

spontaneous or TNF-a-induced apoptosis despite the scarcity 
of cytochrome c (Figure 9). This finding suggests that the 
intrinsic death pathway in neutrophils is different from that in 
other cell types. While this manuscript was in preparation, 
Murphy etal.24 have published a study in which they proposed 
that, in neutrophils, the cytochrome-c-dependent apoptotic 
pathway displays a dramatic reduction in the requirement for 
cytochrome c. It was suggested that neutrophils have a 
lowered threshold requirement for cytochrome c, and their low 
content of cytochrome c is partially compensated by the 
increased expression of Apaf-1.24 This is in keeping with the 
present results, which show a relatively high content of Apaf-1 
in neutrophils in comparison to HL-60 cells (Figure 8a), and 
with the hypothesis that upregulation of Apaf-1 contributes to 
the increased sensitivity of apoptosome activation to cyto
chrome c.36 On the other hand, neutrophil-derived cytoplasts, 
which are devoid of any detectable cytochrome c (Figure 8), 
still displayed intact activation of caspase-9 (Figure 9). 
Perhaps, the apoptosome pathway of caspase-9 activation 
in neutrophils demands even less cytochrome c than has 
been proposed.24 Although we cannot rule out the possibility 
that cytoplasts contain an exceptionally low number of 
cytochrome c molecules, we believe that, in neutrophils and 
neutrophil-derived cytoplasts, cytochrome c-independent 
caspase-9 activation may occur. The fact that, in cytochrome 
c~'~ cells, stress-induced apoptosis (i.e. the intrinsic death 
pathway) is attenuated but not abrogated,37 suggests the 
existence of additional mechanisms, which are cytochrome o 
independent and can mediate the intrinsic activation of 
caspases. Capsase-9 processing and activity has not been 
studied in the cytochrome c~'' cells,37 but a cell-free system 
of endoplasmic reticulum stress-induced apoptosis, lacking 
cytochrome c and Apaf-1, has reportedly been capable of 
caspase-9 cleavage.38 Thus, the mechanism of caspase-9 
activation in neutrophils requires further clarification, because 
the existing experimental data do not allow a firm conclusion 
whether cytochrome c is required for it or not. Nevertheless, 
whatever the activation mechanism is, caspase-9 seems to 
play an important role in neutrophil apoptosis since caspase-9 
(and caspase-3) activation precedes the activation of cas-
pase-8, at least after TNF-a/CHX treatment (N.A.M., unpub
lished data). Hence, neutrophils likely belong to the type II 
cells.39 This finding also circumstantially underscores the 
importance of mitochondria in the neutrophil cell death 
machinery, irrespective of the precise role of these organelles 
- inducers or amplifiers of caspase activation. 

The questionable role of cytochrome c in neutrophil 
apoptosis advances other mitochondrial proteins to the scene. 
The present results show a massive release of the mitochon
drial proapoptotic effector proteins Smac/DIABLO and Omi/ 
HtrA24 t W 5 into the cytosol during neutrophil apoptosis 
(Figure 7). Both proteins are capable of promoting caspase-
9 activation by binding to inhibitor of apoptosis proteins 
(lAPs)46 and removing, therefore, their inhibitory activity. 
Probably, this mechanism controls the intrinsic pathway of 
apoptosis in neutrophils, since the expression of several 
members of the IAP family has recently been reported in these 
cells.24,47,48 Moreover, delay of neutrophil apoptosis due to 
impaired degradation of XIAP has been associated with the 
pathological neutrophil accumulation in chronic neutrophilic 
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leukemia,46,47 underlining the importance of IAP-dependent 
regulation of neutrophil cell death. At the same time, an intact 
activation of caspase-9 in cytoplasts, which are devoid of 
mitochondrial structures (porin), does not exclude that a 
cytoplasmic factor also might be involved. However, as 
mentioned above, some leakage of proteins from mitochon
dria during cytoplast preparation cannot be ruled out. 

In conclusion, our present results indicate that neutrophil 
mitochondria, although deficient in life-maintaining functions 
and limited in number, still preserve the potential to support 
apoptotic caspase activation. Further studies are required to 
fully elucidate the unusual physiology of neutrophil mitochon
dria. 

Materials and Methods 

Cell preparation and culture 

Neutrophils were isolated from heparinized venous blood of healthy 

volunteers49 after obtaining informed consent as described. Peripheral 

blood mononuclear cells (PBMCs) and platelets were removed by density 

gradient centrifugation over isotonic Percoll (Pharmacia, Uppsala, 

Sweden) with a specific gravity of 1.078 g/ml, which decreased the PBMC 

contamination of neutrophil preparations to about 0.2%, as assessed by 

flow cytometry. PBMCs were separated into monocytes and lymphocytes 

by means of elutriation centrifugation.50 Both preparations were more than 

95% pure. For induction of apoptosis, 1 ml of neutrophil cell suspension 

(5 x 106/ml) in Iscove's modified Dulbecco's medium (complete IMDM5) 

was added to a 24-well plate and treated with a combination of tumor 

necrosis factor a (TNF-a; 50 ng/ml; Calbiochem, Bad Soden, Germany) 

and cycloheximide (CHX; 2//g/ml; Calbiochem) in a humidified C0 2 

incubator at 37°C for 3 h, or left untreated for 16-18 h at 37°C. 

Cytoplasts were prepared by ultracentrifugation over a discontinuous 

Ficoll-70 gradient.5 For culturing, cytoplasts were resuspended at a final 

concentration of 10 x 106/ml in complete IMDM, and were incubated 

overnight (16-18 h) at 37°C. 

Neutrophilic maturation of the HL-60 cell line was induced in the 

exponentially growing cells, which were seeded at 0.5 x 106 cells/ml of the 

IMDM complete containing 1.25% dimethyl sulfoxide (DMSO; J.T. Baker 

BV, Deventer, The Netherlands).51 Fresh medium with DMSO was added 

every other day of culture to prevent cell overgrowth. 

Apoptosis was induced in undifferentiated HL-60 cells by treatment with 

100//M etoposide (Calbiochem) for 4-5 h. 

ATP concentration 

ATP concentration was measured by a luciferase-based bioluminescence 

assay, as described.4 

Measurement of enzymatic activity of GDH, LDH 
and fumarase 

Cells were lysed in PBS containing 1% Triton-X100 (v/v; T-X100; Sigma, 

St. Louis, MO, USA), at a concentration of 10-100 x 106/mlfor10-15min 

on ice. After a 5-min centrifugation at 22 000 x g, the supematants were 

collected, and protein concentration was determined by a BCA protein 

assay kit (Pierce, Rockford, IL, USA). GDH52 and LDH53 reactions were 

assessed in a transparent 96-well plate. An aliquot of the cell extract 

(~50/*g protein for GDH and ~ 5 / / g protein for LDH) diluted in 50 mM 

potassium phosphate buffer (PPB; pH 7.4) was added to a well preloaded 

with: for GDH measurement - 110/d of reaction mixture (20 mM NH4CI, 

0.5 mM ADP in PPB) and 20//I NADH (2.1 mg/ml); for LDH measurement 

- 1 2 0 /il PPB and 10 //I NADH. Reactions were started by addition of 20 pi 

of an appropriate substrate (5 mM a-ketoglutarate or 1 mM pyruvate (final 

concentrations) for GDH or LDH reaction, respectively). The decrease in 

absorbance (optical density, OD) at 340 nm, resulting from conversion of 

NADH to NAD, was monitored at 10-s intervals for 5 min by the 

HTS7000+ plate reader (Perkin Elmer, Norwalk, CT, USA), and 

expressed as -AOD^onm per min. 

Fumarase activity was assessed as described,54 in a cuvette of 1 cm 

light path containing 950 pi of 50 mM L-malate in PPB and 50 pi ( ~ 50 //g 

protein) of a cell extract. The increase in absorbance at 250 nm 

(AOD25onm) was recorded at 10-s intervals for 5 min by a spectro

photometer (Lambda 2; Perkin-Elmer). 

Mitochondrial stainings 

To assess the mitochondrial transmembrane potential (A\pm), an equal 

number of neutrophils or HL-60 cells (1 x 106) were resuspended in 1 ml 

HEPES buffer5 containing 1 /<g/ml JC-1 (Molecular Probes; Eugene, OR, 

USA), and incubated for 15 min at 37°C in a water bath. After washing, the 

cells were resuspended in 1 ml of stain-free HEPES. The resulting cell 

suspensions (50 pi) were added to a 96-well plate, and the fluorescence 

was measured as a time 0 point by the HTS7000 + plate reader (Perkin-

Elmer; Ex 485 nm; Em JC-1-Red 590 nm, Em JC-1-Green 535 nm). 

Afterwards, 50 /<l of carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 

Calbiochem) or valinomycin (Sigma), both at a final concentration of 5 //M, 

or buffer were added to the wells, and the fluorescence was assessed 

every 2 min for 20 min. For each time point, a red/green fluorescence ratio 

was calculated. 

To evaluate the shape of the mitochondria during HL-60 maturation, the 

cells were stained with 100 /(M MitoTracker GreenFM (Molecular Probes), 

and were analyzed by a confocal laser-scanning microscope (LSM510, 

Carl Zeiss, Heidelberg, Germany), as described.5 

Measurement of NADPH-oxidase activity 

The PMA-induced NADPH-oxidase activity during HL-60 maturation was 

assessed with a plate reader fluorimetric assay, based on hydrogen 

peroxide-mediated oxidation of Amplex Red (Molecular Probes).29 

Measurement of apoptosis 
Apoptosis was assessed by flow cytometry with the Annexin-V-fluorescein 

isothiocyanate (FITC)/propidium iodide (PI) kit (Bender MedSystems, 

Vienna, Austria), or by morphological evaluation of cytospins stained with 

May-Grünwald-Giemsa solution, as described.6 Cytoplast apoptosis was 

assessed by Annexin-V-FITC binding, without the PI step. 

Subcellular fractionation and Western blotting 

Whole-cell lysates were prepared as follows. The cell pellets were 

resuspended in a protease inhibitor mixture (PIM; one tablet of Complete 

Mini protease inhibitor cocktail (Roche, Mannheim, Germany) in 5 ml of 

PBS containing 5 mM EDTA) with or without 2 mM diisopropyl fluoropho-

sphate (DFP; Acros Organics, New Jersey, NJ, USA), and incubated for 

15 min on ice before lysis. The neutrophil + HL-60 colysates shown in 

Figure 5, lanes 3 and 6, were prepared by pelleting these cells together in 

the same tube. After addition of an equal amount of 2 x SDS sample 
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buffer (SDS-SB) with 4% mercaptoethanol, the preparations were boiled 
for 15 min and kept at -20°C before use. 

To obtain subcellular fractions, cells treated under various conditions 
were washed in ice-cold PBS and resuspended in the ice-cold cytosol 
extraction buffer (250 mM sucrose, 70 mM KCI, 250/<g/ml digitonin, PIM, 
2mM DFP in PBS) at final concentrations of 100 x 106/ml (neutrophils) 
and 40 x 106/ml (HL-60). After a 10-15 min incubation on ice, when 
> 90% cells became trypan blue positive, the preparations were spun at 
1000 x g for 5 min, and the supematants were kept as cytosolic fractions. 
The pellets were resuspended in the same volume (as the cytosol 
extraction buffer) of the ice-cold mitochondria lysis buffer (100 mM NaCI, 
10 mM MgCI2-6H20, 2mM EGTA, 2mM EDTA, 1 % NP-40 (v/v), 10% 
glycerol (v/v), PIM, 2 mM DFP in 50 mM Tris, pH 7.5) and incubated for 
10 min on ice, followed by a 10-min centrifugation at 10000 x g. The 
supematants were taken as mitochondrial fractions. To prepare samples 
for Western blotting, 24/d of either the cytosolic or the mitochondrial 
fraction were mixed with 8/i l of 4 x SDS-SB, containing 8% 
mercaptoethanol, and boiled for 5 min. Pellet fractions, which contained 
unsolubilized proteins, were obtained from the pellets remaining after the 
mitochondria lysis step, by addition of PIM + DFP in a volume equal to that 
of the cytosol extraction buffer used for the cytosolic fraction preparation. 
After addition of 4 x SDS-SB, the samples were boiled for 5 min and kept 
at -20°C before use. 

Western blotting was performed as described.5 The blots were probed 
with monoclonal Ab against cytochrome c (7H8.2C12; Pharmingen, San 
Diego, CA, USA), porin (20B12; Molecular Probes), caspase-8 (1C12; Cell 
Signaling Technology, Beverly, MA, USA), polyclonal Ab against Smac/ 
DIABLO (Ab-1, Oncogene, San Diego, CA, USA), AIF (H-300; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), Bax, Apaf-1, caspase-3 
(Pharmingen), Mn superoxide dismutase (MnSOD; Stressgen, Canada), 
total and cleaved caspase-9 (Cell Signaling Technology). All monoclonal 
Abs were used at a final concentration of 1 //g/ml, and polyclonal Abs at a 
dilution of 1:1000. Anti-Omi/HtrA2 polyclonal Ab40 was used at a dilution 
of 1:5000. 

Cytochrome c immunoprecipitation (IP) 

Cells (10 x 106 neutrophils; 25 x 106 cytoplasts; 4 x 106 HL-60) were 
lysed in 750/d of IP lysis buffer (100mM NaCI, 10mM MgCI2• 6 H 2 0 , 1 % 
NP-40 (v/v), 10% glycerol (v/v), PIM, 2 mM DFP in 50 mM Tris, pH 7.5) for 
15 min on ice. After a 10-min centrifugation at 2 0 0 0 0 x g , the 
supematants were precleared by continuous rotation for 1 h with 30 /il 
of a 50% slurry of protein G sepharose beads (Amersham Pharmacia 
Biotech, Uppsala, Sweden). IP was performed from ~ 100 ̂ g of total 
protein with 5 fig anticytochrome c monoclonal Ab (6H2.B4; BD 
Pharmingen) during a 1-h incubation under rotation at 4°C, and the 
precipitates were washed three times in the IP lysis buffer. Afterwards, the 
complexes were boiled for 5 min in 30/A of SDS-SB with 2% 
mercaptoethanol, spun down, and 10 /A of the resulting supematants 
were loaded on 15% SDS-PAGE with subsequent Western blotting. 

Quantitative real-time PCR 

Quantitative real-time PCR was performed as described.17 Total DNA was 

extracted from purified neutrophils, HL-60 cells or PBMC with the QIAamp 

DNA mini kit (Qiagen, Valencia, CA, USA). For each DNA extract, the 

nuclear gene human albumin and the mitochondrial gene human 

cytochrome-c oxidase subunit I (CCOI) were quantified separately by 

real-time quantitative PCR using a Roche LightCycler (Roche Applied 

Science, Laval, Que, Canada). For the CCOI gene, the CCOI-F 5'CTC 

CCA CCC TGG AGC CTC CGT AGA C3' and CCOI-R 5'GGG AGA TTA 
TTC CGA AGC CTG GTA G3' primers were used for PCR amplification. 
The mitochondrial DNA (mtDNA) copy number per cell was calculated as 
the ratio between the number of CCOI copies and the number of albumin 
copies.55 Specificity of the CCOI PCR product was confirmed by sequence 
analysis (not shown). 
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