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Abstract 

Neutrophils, the most abundant phagocytes of the human immune system, have a brief life-span and are constitutively 

cleared by apoptosis. Neutrophils do not rely on their mitochondria for their energy provision, and their mitochondria 

have a disturbed respiratory supercomplex organization. They can maintain a membrane potential (∆ψm) by complex-

III activity, but produce little or no ATP. In this study, we demonstrate that neutrophil mitochondria produce reactive 

oxygen species (mROS). These mROS do not contribute to apoptosis, but play an important role in the survival of 

neutrophils as signaling intermediates instead. Inhibition of the respiratory chain by addition of specific inhibitors led 

to increased mROS production and increased neutrophil survival, while these effects were abrogated by the 

mitochondria-targeted mROS scavenger MitoQ. In addition, the pro-survival effect of the potent pro-inflammatory 

factor tumor-necrosis factor-α (TNF-α), also appeared to depend on mROS production and was also abrogated by 

MitoQ. These findings potentially have important implications for the use of mROS scavengers in the treatment of 

inflammatory diseases.  

 

Introduction 

Neutrophils, the most abundant phagocytic cells of the human immune system, have a very short life-span of up to 24 

hours in the circulation. Neutrophil homeostasis is controlled by constitutive, spontaneous apoptosis as well as by 

receptor-mediated apoptosis. Neutrophils kill invading micro-organisms by means of a rapid NADPH-dependent 

respiratory burst as well as with an array of proteolytic and bactericidal enzymes. Proper control of neutrophil cell 

death and clearance is essential to prevent tissue damage due to the release of the neutrophil’s toxic contents. It has 

previously been shown that mitochondria play an important role in neutrophil apoptosis, even though cytochrome c, 

the main mitochondria-derived inducer of cell death, is scarce in these cells 1-3. Furthermore, a state of hypoxia has 

been shown to delay constitutive neutrophil apoptosis in a hypoxia-inducible factor 1 (HIF-1) and nuclear factor κB 

(NF- κB)-dependent manner 4. This indicates that oxygen metabolism and/or sensing is vital for the induction of 

neutrophil apoptosis.  

In most cells, mitochondria contribute significantly to the energy balance. Within the mitochondria, electrons 

are transferred through a chain of 4 protein complexes, the respiratory chain. Electrons are transferred via the electron-

carriers ubiquinone (complex I and II to complex III) and cytochrome c (complex III to IV). Complex II is an essential 

enzyme complex within the tri-citric acid cycle, while complexes I, III and IV are the proton pumps that maintain the 

mitochondrial membrane potential (∆ψm). This ∆ψm is utilized by a fifth protein complex, complex V or the F1/F0-

ATPase, to generate ATP. Complex IV transfers electrons from complex III to molecular oxygen and produces H2O. 

If electron transfer to complex IV is obstructed, highly reactive semi-reduced ubiquinone (semi-quinone) in complex 

III can spontaneously transfer its spare electron to oxygen, which leads to the formation of superoxide and, indirectly, 

other reactive oxygen species (ROS). In neutrophils, complexes I and IV are practically absent, and complex III 

activity is mainly responsible for maintaining ∆ψm
2. As a result, neutrophil mitochondria are expected to produce a 

relatively large amount of superoxide in complex III. 

Complex-III-derived ROS can damage proteins, lipids, and DNA within the mitochondria but also serve as 

signaling intermediates, for example in the activation of HIF-1, a potent pro-survival signal for neutrophils 4,5.  During 

hypoxia, mitochondrial ROS (mROS) production is increased, which explains the HIF-1-mediated neutrophil survival 

under hypoxic conditions. In addition, tumor necrosis factor-alpha (TNF-α) has been shown to enhance mROS 
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production 6,7. This potent pro-inflammatory factor has been reported to have a dual effect on neutrophil cell death. At 

low doses, TNF-α acts as a potent survival factor for neutrophils, whereas at high doses TNF-α enhances neutrophil 

apoptosis 8. Mitochondria-derived ROS may play an important role in the effects of TNF-α on neutrophils. 

 Recently, mitochondria-targeted ROS-scavenger molecules have been developed to attenuate mROS 

production without interfering with mitochondrial functions 9. The most effective of these compounds, MitoQ10, 

comprises a ubiquinone head group attached to a tail of 10 five-carbon isoprenoid units. Since mROS have been 

reported to contribute to a number of human pathologies, including ischemia-reperfusion injury, Parkinson’s disease, 

Alzheimer’s disease and aging, this compound has great therapeutic potential 9,10. 

 In this study, we investigated the role of mROS in neutrophil apoptosis and in particular TNF-α-induced 

survival, using the mitochondria-targeted ROS scavenger MitoQ10.  

 

Results 

Resting neutrophils produce ROS independent of the NADPH oxidase 

Freshly isolated neutrophils from healthy donors or from patients with chronic granulomatous disease (CGD), who 

have no detectable NADPH-oxidase activity, were loaded with the fluorogenic cell permeable ROS-indicator 6-

carboxy-2',7'-dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester) (DCFDA) and ROS production was 

monitored for one hour (Figure 1). The rate of ROS production in resting cells was equal in both the controls and the 

CGD patients, while ROS production was increased almost twofold by treating the cells with the complex-III inhibitor 

antimycin A. When the cells were stimulated with phorbol myristate acetate (PMA), a potent activator of the NADPH-

oxidase-dependent respiratory burst, ROS production in the control cells increased dramatically, while the level of 

ROS production in the stimulated CGD cells was the same as in the unstimulated cells. This indicates that the ROS 

production, as determined in resting neutrophils, is NADPH-oxidase independent and most likely mitochondria 

derived. 

Figure 1. ROS production in resting 
neutrophils is not mediated by the 
NADPH oxidase. 
Freshly isolated neutrophils of healthy 
controls (white circles/bars) or CGD 
patients (black squares/bars) were 
loaded with DCFDA and incubated in 
the presence or absence of either 1 µM 
antimycin A or 100 ng/mL PMA.  
A) The cells were incubated at 37ºC and 
the fluorescence increase was deter-
mined every minute for up to one hour. 
Values represent arbitrary fluorescence 
units. Plots are representative for three 
independent experiments performed in 
duplicate. B) Bar graphs displaying the 
average maximum slope in relative 
fluorescence units (RFU) per minute 
over at least 20 minutes within a 60-
minute interval. Data represent the aver-
age (± SEM) of three independent ex-
periments performed in duplicate. *** p 
< 0.001. 
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MitoQ scavenges ROS from resting and antimycin-A-stimulated neutrophils, but not from PMA-stimulated neutrophils 

Freshly isolated neutrophils were loaded with DCFDA and incubated in the presence of increasing concentrations of 

the mROS scavenger MitoQ or the negative control compound decyl-triphenyl-phosphonium (TPP) 9. In unstimulated 

cells, MitoQ inhibited the ROS production in a dose-dependent manner (Figure 2A). However, at concentrations 

above 1 µM, both TPP and MitoQ stimulated ROS production (not shown). This effect is most likely due to a 

disruption of the mitochondria at high concentrations. In cells stimulated with antimycin A, MitoQ inhibited the ROS 

production to an even greater extent, while the compound had no effect on the PMA-induced ROS production (Figure 

2B and C). The complex-I inhibitor rotenone and the complex-II inhibitor 3-nitropropionate (3NP) did not affect 

mitochondrial ROS production (Figure 2C). This indicates that the majority of the mitochondrial ROS production 

observed in neutrophils is complex-III derived. Complex III obtains most of its electrons from the glycerol-3-

phosphate receptor, as previously demonstrated 2. 

Mitochondrial inhibition delays neutrophil apoptosis 

Isolated neutrophils were incubated overnight in the presence or absence of the complex-III inhibitor antimycin A or 

the complex-II inhibitor 3NP. Survival was assessed by fluorescein isothiocyanate-labeled (FITC)-annexin V staining 

of the cells and by morphology (Figure 3A-C). Complex II (succinate dehydrogenase) is the only respiratory complex 

that shows normal activity in neutrophils 2 and, in addition, when succinate, the substrate for this complex, is not 

degraded and the cellular levels increase, this serves as a potent activator for HIF-112. Both inhibitors significantly 

decreased the rate of spontaneous neutrophil apoptosis, especially after 24 hours (Figure 3A-C). Incubating the cells in 

the presence of MitoQ completely abrogated the protective effect of the inhibitors. The non-targeted ROS-scavenger 

Q10 had no effect on neutrophil apoptosis (not shown). This indicates that at least a low level of mitochondrial ROS 

Figure 2. MitoQ scavenges ROS from resting 
and antimycin-A-stimulated neutrophils, but 
not from PMA-stimulated neutrophils.  
A) Freshly isolated neutrophils were loaded with 
DCFDA and incubated in the presence of increas-
ing concentrations of the mitochondria-specific 
ROS scavenger MitoQ (black circles) or the nega-
tive-control compound TPP (grey squares). The 
fluorescence increase was determined every min-
ute for one hour at 37ºC. The maximum slope was 
determined over a 20-minute interval of linear 
increase within this period. Data represent the av-
erage (± SEM) maximum slope expressed in rela-
tive fluorescence units/minute (RFU/min) of 3 
independent experiments performed in duplicate.  
B) Neutrophils were incubated as in A, with the 
exception that they were incubated in the presence 
of either 100 ng/mL PMA (black circles) or 1 µM 
antimycin A (grey squares).  C) Neutrophils were 
incubated as in A and B, in the presence (black 
bars) or absence (white bars) of 1 µM MitoQ and /
or 1 µM of the complex-I inhibitor rotenone, 100 
µM of the complex-II inhibitor 3NP, 1 µM of the 
complex-III inhibitor antimycin A or 100 ng/mL 
PMA, where indicated. Data represent the average 
maximum slope (± SEM) of at least three inde-
pendent experiments performed in duplicate. Mi-
toQ significantly inhibited the ROS production in 
resting cells and inhibitor-treated cells, but not in 
PMA-treated cells. * p < 0.05, ** p < 0.01, *** p 
< 0.001, n.s.: Not significant. 
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production is required for the protective effect of mitochondrial inhibitors. 

 

Loss of ∆ψm does not accelerate neutrophil apoptosis 

Neutrophil apoptosis is associated with a gradual loss of ∆ψm 
13. Mitochondria-targeted compounds, such as MitoQ, 

may also decrease ∆ψm. To illustrate this, cells were treated with increasing concentrations of MitoQ, the negative 

control compound TPP or the mitochondrial uncoupler CCCP. As demonstrated by staining with the fluorescent ∆ψm-

indicator JC-1, all of these compounds affect ∆ψm (Figure 4A). At 1 µM, the concentration used in most experiments 

in this study, both MitoQ and TPP reduced ∆ψm to approximately 50% of the control value. However, neither TPP nor 

CCCP had a significant effect on neutrophil apoptosis, as demonstrated in Figure 4B. Only MitoQ significantly 

accelerated spontaneous neutrophil apoptosis during 8 hours of incubation.   

TNF-α induces mitochondrial ROS production in human neutrophils, which is vital for its pro-survival effect 

The cytokines granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor 

(G-CSF) and TNF-α, are all potent inhibitors of neutrophil apoptosis 13-17. To compare the effects of these cytokines 

on mROS production, DCFDA oxidation was followed in the presence or absence of MitoQ. The mROS production 

was only increased by TNF-α, an effect that was almost completely blocked by MitoQ (Figure 5A). In addition, the 

anti-apoptotic effect of TNF-α after 24 hours of incubation, was also completely blocked by MitoQ, while the 

compound reduced the anti-apoptotic affects of GM-CSF and G-CSF only partially (Figure 5B). After 8 hours of 

incubation, MitoQ accelerated the rate of apoptosis in all samples. Also under these conditions, the non targeted 

scavenger Q10 had no effect (not shown).  

Figure 3. Mitochondrial inhibition delays neu-
trophil apoptosis in an mROS-dependent man-
ner.  
Neutrophils were incubated overnight in the ab-
sence (white bars) or presence (black bars) of 1 µM 
MitoQ and/or 100 µM of the complex-II inhibitor 
3NP or 1 µM of the complex-III inhibitor antimy-
cin A, where indicated.  
A) To determine apoptosis, cells were stained with 
FITC-labeled annexin V and analyzed by flow cy-
tometry after 8 and 24 hours. Both 3NP and anti-
mycin A significantly delayed neutrophil apoptosis, 
an effect that was completely abrogated by MitoQ. 
Data represent the average (± SEM) of five inde-
pendent experiments performed in duplicate. ** p < 
0.01, *** p < 0.001, n.s.: Not significant. B) Repre-
sentative histograms displaying the effect of MitoQ 
(grey) on spontaneous and 3NP-inhibited neutro-
phil apoptosis after 24 hours of incubation. Events 
in P1 were marked as surviving, whereas events in 
P2 were marked as apoptotic. Annexin-V-FITC 
staining is expressed on the x-axis as fluorescence 
intensity. Plots are representative of at least five 
independent experiments. C) Micrographs of May-
Grünwald-Giemsa-stained cells displaying the mor-
phology of the cells after 24 hours of incubation at 
60x magnification.  



46 

Chapter 3 

It has previously been reported that the anti-apoptotic effect of TNF-α depends on NF-κB activation as well as on 

HIF-1 activity 4. To control for any effects of  MitoQ on the activation of NF-κB, the degradation of the inhibitor of 

κB-α (IκBα), a reliable indicator for NF-κB activation, was determined on Western blot after 2 hours of incubation in 

the presence or absence of MitoQ and TNF-α (Figure 5C). IκBα was completely degraded in TNF-α-treated 

neutrophils, while MitoQ did not affect this degradation. During this short incubation, Mcl-1 levels were not 

significantly affected. 

 

Neutrophils from patients with a NEMO deficiency do not survive with TNF-α  

NEMO is an essential subunit of the inhibitor-κB kinase complex. If this complex does not assemble, IκBα is not 

phosphorylated and NF-κB cannot be activated. Thus, in patients with a confirmed genetic defect in NEMO, NF-κB 

activation is severely reduced 18. As a result, neutrophils from NEMO-deficient patients do not show enhanced 

survival after overnight incubation with TNF-α (Figure 6). Interestingly, neither GM-CSF nor G-CSF had a significant 

effect on survival either in the neutrophils from NEMO-deficient patients, although all three cytokines significantly 

delayed apoptosis in control neutrophils. This indicates an essential role for NF-κB in GM-CSF and G-CSF induced 

neutrophil survival as well as in the TNF-α-induced survival. When compared to the healthy control cells, the survival 

effects of GM-CSF and TNF-α were significantly different, but the G-CSF effect was not. These results are very 

similar to the results with MitoQ treated neutrophils (Figure 5B). 

 

MitoQ prevents the stabilization of Mcl-1 

The Bcl-2 family member Mcl-1 is a putative HIF-1-target gene 19,20 and acts as a potent pro-survival factor for 

neutrophils 21,22. During apoptosis, Mcl-1 is gradually degraded in a proteasome-dependent manner 15. To determine 

the effect of MitoQ on Mcl-1 degradation, Mcl-1 protein levels were determined on Western blot after 8 hours of 

incubation in the presence of various survival factors and MitoQ (Figure 7A). The degradation of Mcl-1 during 

spontaneous neutrophil apoptosis was not significantly accelerated by MitoQ. However, the stabilization of Mcl-1 by 

survival data (Figure 5), this effect was most pronounced for TNF-α. Neither G-CSF nor TNF-α has been described to 

increase the mRNA expression of Mcl-123,24, while the pro-survival effect of GM-CSF is mostly due to an increase in 

Mcl-1 protein stability 15.  

 

Figure 4. Loss of ∆ψm does not accelerate neutrophils apoptosis.  
A) Neutrophils were loaded with increasing concentrations of the mROS scavenger MitoQ, the negative-control compound TPP 
or the mitochondrial uncoupler CCCP for one hour at 37ºC. Afterwards, the cells were loaded with the fluorescent ∆ψm inidica-
tor JC-1 and analyzed by flow cytometry. Data are expressed as the mean (± SEM) ∆ψm, expressed as percentage of the untreated 
cells, and represent three independent experiments.  B) Cells were loaded with 1 µM of the indicated compounds and incubated 
for up to 24 hours at 37ºC. To determine apoptosis, cells were stained with FITC-labeled annexin V and analyzed by flow cy-
tometry after 8 (white bars) and 24 (black bars) hours. Significance was determined as compared to the untreated cells. Data are 
expressed as the mean (± SEM) of three independent experiments. Only MitoQ-treated cells displayed significantly accelerated 
apoptosis after 8 hours of incubation. ** p < 0.01.  
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Figure 5. TNF-α-induced mROS production is required for its pro-survival effect.  
A) Freshly isolated neutrophils were loaded with  the mROS-indicator DCFDA and incubated in the presence or absence of 10 
ng/mL GM-CSF, G-CSF, TNF-α and/or 1 µM MitoQ (black bars). The fluorescence increase was determined every minute for 
one hour at 37ºC. The maximum slope was determined over a 20-minute interval of linear increase within this period. Data rep-
resent the average (± SEM) maximum slope expressed in relative fluorescence units/minute (RFU/min) of 3 independent experi-
ments performed in duplicate. The mROS production was only increased significantly by TNF-α. ** p < 0.01, *** p < 0.001. B) 
To determine apoptosis, cells were stained with FITC-labeled annexin V and analyzed by flow cytometry after 8 and 24 hours. 
All cytokines significantly delayed neutrophil apoptosis, an effect that was at least partially cancelled by MitoQ (black bars). 
Data represent the average (± SEM) of five independent experiments performed in duplicate. * p < 0.05, ** p < 0.01, *** p < 
0.001, n.s.: Not significant. C) Representative Western blot showing the expression of IκBα and Mcl-1. Freshly isolated neutro-
phils were incubated in the presence (+) or absence   (-) of 10 ng/mL TNF-α and/or 1 µM MitoQ for 2 hours, as indicated. Data 
represent 3 independent experiments. 

Figure 6. Neutrophils from patients with a defect in NF-κB 
activation have a similar apoptotic phenotype as MitoQ-
treated neutrophils.  Freshly isolated neutrophils from three 
separate patients with a confirmed NEMO deficiency (black 
bars) or from healthy controls (white bars) were incubated for 
24 hours in the presence or absence of the indicated cytokines. 
To determine apoptosis, cells were stained with FITC-labeled 
annexin V and analyzed by flow cytometry after 24 hours. In 
the controls, all cytokines significantly delayed neutrophil 
apoptosis, an effect that was severely reduced in the patients. 
Data represent the average (± SEM) of three independent ex-
periments performed in duplicate. * p < 0.05, ** p < 0.01, *** 
p < 0.001, n.s.: Not significant. 
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Whereas Mcl-1 acts upstream of mitochondrial acceleration of apoptosis by inhibiting the translocation of the pro-

apoptotic protein Bax 25, the X-linked inhibitor of apoptosis (XIAP) acts downstream of the mitochondria by 

inhibiting caspases-9 and -3 26. During neutrophil apoptosis, XIAP is cleaved in a calpain-dependent manner 13,27. 

MitoQ did not have a significant effect on this process during spontaneous neutrophils apoptosis, as demonstrated by 

Western blot analysis in Figure 7C. All pro-survival factors significantly delayed XIAP cleavage, an effect that was at 

least partially abrogated by the addition of MitoQ. In case of G-CSF-delayed neutrophil apoptosis, MitoQ had no 

significant effect on XIAP stability. This can be explained by the fact that G-CSF delays neutrophil apoptosis by the 

inhibition of calpains, the proteases responsible for XIAP cleavage 13,28. 

 

Figure 7. MitoQ prevents the stabilization of Mcl-1.  
Freshly isolated neutrophils were incubated for 8 hours in the presence or absence of the indicated growth factors and inhibitors. 
Afterwards, the cells were lysed and Mcl-1 and XIAP protein expression levels were analyzed on Western blot. A) Representa-
tive Western blot of three independent experiments. The bands for Mcl-1, full-length XIAP, degraded XIAP and p38 MAPK 
(loading control) are indicated by the arrows. B) Data represent the mean relative integrated intensity (± SEM) of the Mcl-1 band 
as compared to the fresh control (C- 0h) of three independent experiments. C) Data represent the relative ratio of the mean inte-
grated intensity (± SEM) of the 20-kDa XIAP degradation product divided by the total XIAP signal (full length + 20 kDa) of 
three independent experiments. All values were corrected for loading by the signal for p38 MAPK. * p < 0.05, ** p < 0.01, *** p 
< 0.001, n.s.: Not significant.  
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Discussion 

In this study, we show that neutrophils produce mROS and that these mROS have an important signaling function in 

neutrophil survival. Neutrophils are short-lived cells and it appears that the survival benefit of mROS outweighs the 

potential damage done to the cell. It has been shown before that neutrophils display an increased survival under 

hypoxic conditions, and that this survival is mediated through HIF-1 and NF-κB 4. A state of hypoxia is known to 

induce mROS production in complex III 5. 

Neutrophils hardly use their mitochondria for their energy provision and maintain a high rate of glycolysis 2,29. 

A direct consequence of this metabolic profile is a constant, low-level, production of mROS. Alternatively, this mROS 

production may also be a requirement to maintain this metabolic profile, since mROS are known activators of HIF-1, 

while HIF-1 activation is known to induce aerobic glycolysis 30,31. In tumor cells, this phenomenon is referred to as the 

Warburg effect, and tumor cells are known to abuse the oxygen-sensing system to allow their continuous expansion 
32,33. For a tumor cell, the advantage in switching from mitochondrial respiration to aerobic glycolysis is that energy 

from glycolysis is more rapidly available.  Since neutrophils are end-stage differentiated cells, they do not require 

aerobic glycolysis for proliferation. Instead, their metabolism seems dedicated to their main function; i.e. killing 

invading micro-organisms by means of an NADPH-dependent 

respiratory burst 34. A high rate of glycolysis seems to be a requirement 

for their functions 29. In addition, the metabolic profile of neutrophils 

allows them to survive in an inflammatory environment where oxygen 

tension may be low 4.   

TNF-α is an important pro-inflammatory factor with a dual 

effect on neutrophil survival 8,35. In this study, we show that the pro-

survival effect of TNF-α, and to a lesser degree the effects of GM-CSF 

and G-CSF, depends on mROS production. When mROS, required for 

the stabilization of HIF-1α, are scavenged by MitoQ, the survival effect 

of TNF-α is strongly reduced, as illustrated in Figure 8. Interestingly, 

whereas HIF-1 has been shown to control the expression of vital 

components of the NF-κB activation machinery 4, NF-κB has also been 

shown to be involved in the transcriptional regulation of HIF-1α 36. 

Thus, these central pathways in innate immunity and metabolism are 

thoroughly intertwined. Scavenging mROS with MitoQ resulted in the 

same apoptotic phenotype in neutrophils as seen in patients with a 

defect in NF-κB activation , even though MitoQ did not interfere with 

the activation of NF-κB. This suggests that HIF-1 activation, 

downstream from NF-κB, is essential for TNF-α-induced neutrophil 

survival. According to our model, mROS production is essential for the 

stabilization of HIF-1α, the regulatory subunit of HIF-1, whereas NF-

κB activation seems to be required to induce the expression of HIF-1α. 

Only the activation of both pathways in conjunction leads to sufficient 

HIF-1 activation to induce neutrophil survival. 

Figure 8. Model for the involvement of mROS 
in TNF-α signaling. TNF-α is a well known 
activator of NF-κB signaling. Recent studies 
have indicated the interdependence of NF-κB 
and HIF-1 4,36. In this study, we demonstrate the 
importance of mROS in the pro-survival effect 
of TNF-α on neutrophils. Although NF-κB acti-
vation (and thus HIF-1α expression 36) is not 
affected by MitoQ (Figure 5C), mROS are re-
quired for the stabilization of HIF-1α 30. This 
indicates HIF-1, downstream of NF-κB, as the 
main pro-survival effector in neutrophils. 
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In inflammatory pathologies, such as septicemia or ischemia-reperfusion injury, clearance of neutrophils by 

apoptosis is essential for the resolution of inflammation 37,38. In such pathologies, inflammatory cytokines such as 

TNF-α are usually responsible for the activation and increased life-span of the neutrophils and the subsequent tissue 

damage 39. However, most attempts to attenuate septicemia by targeting these cytokines have failed in the clinic. 

Instead, our study indicates that TNF-α-reduced neutrophil apoptosis may be restored by targeting mROS production. 

The mROS scavenger MitoQ is currently under investigation in clinical trials for the treatment of age-related and 

neurological diseases such as Alzheimer’s and Parkinson’s 9,40. The present study indicates how the compound may be 

beneficial for the treatment of inflammatory diseases as well, by canceling the protective effect of TNF-α on 

neutrophil apoptosis.     

 In conclusion, mROS produced by neutrophil mitochondria are not harmful for the cell. Instead, they 

comprise important signaling intermediates in neutrophil survival. Scavenging these mROS with the mitochondria-

targeted ROS scavenger MitoQ abrogates the pro-survival effect that TNF-α has on neutrophils. These findings may 

have important implications for the treatment of inflammatory pathologies.  

 

Materials and Methods 

Antibodies and reagents 
Mouse monoclonal anti-IκBα (clone L35A5) and the rabbit polyclonal antibody directed against p38 were obtained from Cell 
Signaling Technology (Boston, MA, USA). Rabbit anti-Mcl-1 and mouse anti-XIAP (clone 48) were obtained from BD 
Pharmingen (Franklin Lakes, NJ, USA). 
 All chemical reagents were obtained from Merck Biosciences (Darmstadt, Germany), unless otherwise indicated. 
Rotenone and antimycin A were acquired from Sigma-Aldrich (St. Louis, MO, USA), 3-nitropropionic acid was from Fluka 
(Steinheim, Switzerland), recombinant human TNF-α and GM-CSF were from PeproTech (Rocky Hill, NJ, USA) and clinical 
grade G-CSF (Neupogen) was acquired from Amgen (Breda, the Netherlands). The mitochondria-specific ROS scavenger 
MitoQ10 and the negative-control compound decylTPP9 were a kind gift from Prof. Michael P. Murphy of the Dunn Human 
Nutrition Unit, Cambridge, UK. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was obtained from Calbiochem (La Jolla, 
CA, USA). 
 
Cell isolation and culture 
Neutrophils were isolated from the heparinized blood of healthy volunteers or patients after informed consent had been acquired 
according to the Helsinki declaration. All studies were approved by the local ethical committee. The blood was centrifuged over 
isotonic Percoll (Pharmacia, Uppsala, Sweden), and the erythrocytes in the pellet were subsequently lysed, as described 11. 
Neutrophil preparations were typically >97% pure, with the contaminating cells being mostly eosinophils. Cells were cultured in 
Hepes-buffered saline solution (HBSS; 132 mM NaCl, 20 mM Hepes, 6 mM KCl, 1 mM MgSO4, 1.2 mM K2HPO4, 1 mM CaCl2, 
pH 7.4) supplemented with 1% (v/v) human serum albumin (Cealb; Sanquin, Amsterdam, the Netherlands) and 5 mM glucose at a 
concentration of 5 x 106 cells/mL in polypropylene round-bottom tubes of 14 mL (BD Biosciences, Franklin Lakes, NJ, USA). 
Incubations were performed in a shaking water bath at 37ºC.  
 
ROS detection 
Freshly isolated neutrophils were incubated in HBSS at a concentration of 5 x 106/mL in the presence of 10 µM 6-carboxy-2',7'-
dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester) (DCFDA-AM [Molecular Probes]) and the indicated stimuli/
inhibitors in a white 96-wells plate (Corning, Corning, NY, USA). The total reaction volume was 125 µL for all conditions. 
Increase in fluorescence was determined every minute on a Genios Plus spectrophotometer (Tecan, Zürich, Switzerland) at 
excitation 488 nm, emission 520 nm, at 37ºC for up to one hour. 
 
Flow cytometry 
To detect apoptosis, cells were labeled for 10 min on ice with fluorescein-isothiocyanate (FITC)-labeled Annexin V (Bender Med 
Systems, Vienna, Austria), diluted 1:500 in HBSS, supplemented with 2.5 mM CaCl2. Annexin-V labeling was followed by a 
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single wash step with the same medium, whereupon the cells were resuspended in HBSS 2.5 mM CaCl2 and analyzed by flow 
cytometry on an LSRII flow cytometer (BD Biosciences).  

To detect changes in ∆ψm, the cells were loaded for 15 min at 37ºC with 0.5 µM 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Molecular Probes, Eugene, OR, USA) in HBSS, containing 1 µM tetraphenyl 
boron to facilitate entry of the dye into the cells, and were analyzed immediately afterwards by flow cytometry. Relative ∆ψm was 
calculated as a ratio of the fluorescent signal in the red (PE-Texas Red) channel over the green (FITC) channel. 
 
Western blot 
Western blot samples were prepared from 5x106 cells by washing the cells once in ice-cold phosphate-buffered saline (PBS) 
before resuspension in cytosol extraction buffer (250 mM sucrose, 70 mM KCl, complete protease inhibitor cocktail mix [PIM; 
Roche Diagnostics, Almere, The Netherlands] and 2 mM diisopropylfluorophosphate [DFP; Fluka Chemica, Steinheim, 
Switzerland] in PBS) at a concentration of 100x106 cells/mL. Cells were incubated for 15 min on ice, after which they were 
dissolved in Laemmli sample buffer (LSB; 50 mM TrisHCl, pH 6.8, 10% glycerol (v/v), 5 mM DTT [DL-dithiothreitol, Sigma-
Aldrich], 1% 2-mercaptoethanol, 1% sodium dodecylsulphate (SDS) (w/v), 100 µg/mL bromephenol blue) and boiled for 30 min 
at 95ºC. All samples were stored at -20ºC before subjection to SDS-polyacrylamide gelelectrophoresis (SDS-PAGE). 

Samples were run on 12%, 1.5 mm, polyacrylamide gels in a protean-3 mini system (Bio-Rad Laboratories, Veenendaal, 
The Netherlands). The equivalent of 1.5x106 cells was loaded in each lane. After electrophoresis, the proteins were transferred to 
polyvinyl difluoride membranes (Immobilon-FL; Millipore, Billerica, MA, USA), which were subsequently blocked for 30 min in 
blocking buffer (5% non-fat dry milk (w/v) [Elk; Campina, Zaltbommel, The Netherlands] in Tris-buffered saline, 0.1% Tween-20 
(v/v) (TBST)). Blots were immuno-labeled with specific antibodies against the indicated proteins in blocking buffer containing 2 
mM NaN3, overnight at 4ºC. After washing the blots in TBST, they were treated with IRDye-labeled secondary antibodies 
directed against the primary antibodies (goat anti-rabbit-IgG IRDye 680 or goat anti-mouse-IgG IRDye 800CW; LI-COR 
Biosciences, Lincoln, NE, USA). Labeling was followed by another round of washing in TBST before detection of the specific 
signals on an Odyssey Infrared Imager (LI-COR Biosciences).  
Statistical analysis and image processing  
Graphs were drawn and statistical analysis was performed with GraphPad Prism version 5.00 for Windows, (GraphPad Software, 
San Diego, CA USA). The results are presented as the mean ± SEM, as indicated. Data were evaluated by paired, one-tailed 
student’s t-test, where indicated. The criterion for significance was p < 0.05 for all comparisons. Images were processed in Adobe 
Photoshop CS (Adobe Systems Inc., San Jose, CA, USA) and CorelDRAW 11 (Corel Corporation, Ottawa, Ontario, Canada). 
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