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Abstract 

Central in the regulation of the short life span of neutrophils are their mitochondria. These organelles hardly contribute 

to the energy status of neutrophils but play a vital role in the apoptotic process. Not only do the mitochondria contain 

cytotoxic proteins that are released during apoptosis and contribute to caspase activation, but they also act as sensors 

of the metabolic and redox state of the cell and as scavengers of free Ca2+. The balance of the expression and activity 

of the pro- and anti-apoptotic members of the Bcl-2 family of proteins determines the life span of neutrophils, since 

these proteins are essential for the formation of a permeability transition pore in the mitochondria and control the 

release of Ca2+ from the endoplasmic reticulum.   

 

Introduction 

Neutrophils are short-lived cells which are cleared by apoptosis within approximately 48 hours after recruitment from 

the bone marrow. The turnover of neutrophils in humans is high, at about 1.6*109 cells/kg body weight per day 1. 

Tight regulation of the neutrophil life span is crucial, since an extended life span may lead to chronic inflammation, 

whereas a shortened live span can lead to neutropenia, rendering the body prone to infections 2-8.  

Although both pro-inflammatory cytokines, such as tumour necrosis factor alpha (TNF-α), and bacterial 

products, such as lipopolysaccharide (LPS), may extend the life of neutrophils, these cells are rapidly cleared after 

resolution of the infection 8-18. Neutrophil apoptosis may be triggered either extrinsically through, for example, Fas 

ligation or ligation of the TNF-related apoptosis-inducing ligand (TRAIL) receptor on senescent neutrophils, or 

intrinsically 12,19-21. The exact mechanism of intrinsically regulated or spontaneous neutrophil apoptosis is still under 

debate, although it has become clear that mitochondria play a crucial role in the regulation of this process 22. 

Caspases, cysteine proteases that are involved in both apoptosis and inflammation, are activated during both 

intrinsically-regulated and death-receptor-mediated apoptosis of neutrophils 23,24.  This review will mainly focus on 

the process of spontaneous neutrophil apoptosis and the role of mitochondria therein. 

 

Mitochondrial functions in neutrophils 

It has been assumed for a long time that mature neutrophils possess no or only very few functional mitochondria, and 

that these organelles play no role in the cellular functions. This assumption was based on the fact that these organelles 

cannot be readily identified in electron micrographs of mature neutrophils, while the few mitochondria that are found 

are small, with poorly defined cristae and overall morphology 25. Furthermore, treatment of neutrophils with 

respiratory chain inhibitors such as antimycin A, sodium azide or cyanide does not affect the phagocytic ability of the 

cells in vitro and neither does it seem to affect intracellular ATP levels or oxygen consumption of either 

phagocytosing or resting neutrophils 26,27.  

Studies on neutrophil metabolism have shown that these cells can easily rely on glycolysis alone for their 

energy requirements 26,28. This ability allows neutrophils to operate in an inflammatory environment where oxygen 

may be scarce, while the cells themselves convert all the available oxygen into reactive oxygen species to eliminate 

invading pathogens. In recent years, however, it has become clear that neutrophils do possess mitochondria that can be 

stained with various mitochondria-specific dyes and form a complex tubular network in the cells 22,25.  

Neutrophil mitochondria maintain a membrane potential which can be disrupted by chemical uncouplers of 

electron transport, and also drops during the initiation of apoptosis 22,25. After staining with the fluorescent dye JC-1, 



15 

Chapter 1 

which forms red fluorescent j-aggregates in hyperpolarized (high membrane potential) mitochondria but emits green 

fluorescence when the mitochondrial membrane potential is low, the mitochondrial network in neutrophils stained 

both red and green on fluorescence micro-graphs 25. A similar pattern of hyperpolarized and depolarized patches in a 

mitochondrial network has been reported in other cell types and has been suggested to reflect an uneven distribution of 

proton circuits, ATP synthesis, respiration or localized Ca2+ inside mitochondria 29. Another indication for the 

imperfect function of neutrophil mitochondria is the fact that these mitochondrial networks can be stained with 

dihydro-rhodamine-1,2,3 (DHR) after about 15 minutes of incubation 25. DHR is colourless, but becomes fluorescent 

upon oxidation by, for example, H2O2. This indicates that within the neutrophil mitochondrial network rather large 

amounts of reactive oxygen species (ROS) are generated, indicative of imperfect respiration. However, disruption of 

the mitochondrial membrane potential does not impede the rapid respiratory burst generated by phagocytosing or 

phorbol 12-myristate 13-acetate (PMA)-treated neutrophils, but it does disrupt chemotaxis, even at low concentrations 

of the uncoupler.25 Thus, mitochondria-derived ROS and ATP do not seem to be required in the generation of a 

functional respiratory burst, but mitochondrial ROS may be important signalling mediators in the initiation of 

apoptosis 30. 

Upon induction of apoptosis pro-apoptotic proteins such as Smac/DIABLO (Second mitochondria-derived 

activator of caspase/Direct IAP-binding protein with low pI), Omi/HtrA2 (Omi/High temperature-requirement protein 

A2) and cytochrome c have been shown to be released from neutrophil mitochondria.9,22,31,32 The pro-apoptotic Bcl-2 

family members Bad (Bcl2-antagonist of cell death), Bax and tBid (truncated BH3-interacting domain death agonist)  

were also shown to translocate to the mitochondria of apoptotic neutrophils, where they collaborate to form a 

permeability transition pore (PTP) that facilitates the release of the previously mentioned pro-apoptotic proteins 9,33,34. 

The anti-apoptotic Bcl-2 family members Bcl-XL (Bcl X-linked), Bfl-1/A1 and Mcl-1, on the other hand, have been 

shown to promote neutrophil survival by preventing the formation of a PTP in neutrophil mitochondria 10,21,34,35.  

However, death seems to be inevitable for neutrophils. While apoptosis can be delayed by growth factors such 

as granulocyte colony-stimulating factor (G-CSF) or granulocyte/macrophage colony-stimulating factor (GM-CSF), 

the process of cell death can never be prevented in neutrophils 9,31,33,36. 

 

Bcl-2 family members in neutrophil apoptosis 

The Bcl-2 family of proteins represents a major checkpoint in the regulation of neutrophil apoptosis. These proteins 

reside either in the mitochondria or in the cytosol and dimerize after activation, forming the PTP and releasing the 

contents of the mitochondrial intermembrane space into the cytosol. This includes cytochrome c, Smac/DIABLO and 

apoptosis-inducing factor (AIF), which accelerate the process of apoptosis by inducing caspase activation, as will be 

discussed below. Some 20 members of the Bcl-2 family have thus far been identified, of which some are anti-

apoptotic and others are pro-apoptotic 37-39. 

The Bcl-2 family members are classified by sequence homology in four alpha-helical segments, called BH1-

BH4. The anti-apoptotic members, which are highly conserved, contain all four BH domains, of which the BH1-BH3 

domains structurally form a pocket in which the BH3 domain of the other members can bind. The pro-apoptotic 

members on the other hand can be subdivided by the number of BH domains they posses. Bax, Bak and Bok posses 

the BH1-3 domains while the other pro-apoptotic members (e.g. Bid, Bad and Bim) only posses the BH3 domain.  

Generally, the BH3-only members act in concert with Bax, Bak or Bok to form the PTP 38,39.  
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The formation of the PTP is Ca2+ dependent and is believed to require docking of the pro-apoptotic Bcl-2 

family members to cardiolipin in the mitochondrial membrane 30,39.  

It has been shown that Bax, Bak and tBid, the truncated and activated form of Bid, not only localize to the 

mitochondria upon induction of apoptosis, but also to the endoplasmic reticulum (ER) 40-42. Since the ER is the main 

storage of Ca2+ in cells, release of Ca2+ from the ER by Bax, Bak and tBid may contribute to the formation of a 

mitochondrial PTP. The release of Ca2+ from the ER has recently been shown to be controlled by the anti-apoptotic 

Bcl-2 family member Bcl-XL. Bcl-XL associates with the carboxyl terminus of the inositol 1,4,5-trisphosphate receptor 

(IP3R) and Ca2+ channel in the ER 41. This association renders the receptor more sensitive to IP3, which results in a 

steady release of Ca2+ from the ER.  Bax and tBid were shown to antagonize this association, resulting in an increased 

Ca2+ concentration in the ER and leading to a sudden, uncontrolled release of Ca2+ in response to increased 

concentrations of IP3.  

When the local concentration of Ca2+ released from the ER is high enough, Ca2+ can enter the nearby 

mitochondria through the voltage-dependent anion channel (VDAC), which eventually results in apoptosis 43,44.  The 

relevance of these mechanisms for neutrophil apoptosis remains to be shown, although local Ca2+ signalling is 

certainly relevant in neutrophil apoptosis 5,7,45-47.  

The action of the pro-apoptotic Bcl-2 family members can be counteracted by phosphorylation. Both Bax and Bad 

were shown to be phosphorylated, and thereby inactivated, in neutrophils as a result of stimulation by, for example, 

Toll-like receptor (TLR) agonists or GM-CSF 10,33. Phosphorylation was dependent on the Phosphoinositide 3-kinase/

Protein kinase B (PI-3K/PKB) pathway. However, activation of this pathway also leads to increased expression of the 

anti-apoptotic Bcl-2 family members Mcl-1 and Bfl-1 in neutrophils, leading to a further decrease in apoptosis 9,10,48,49. 

Forkhead transcription factors (FOXO) are also involved in the regulation of the expression and actions of the 

Bcl-2 family members in neutrophils. Neutrophils stimulated with the bacteria-derived chemoattractant formyl-Met-

Leu-Phe (fMLP), for example, showed an increased expression of Mcl-1 and concomitant phosphorylation of FOXO1, 

FOXO3a and FOXO4 through activation of PI-3K/PKB and mitogen-activated kinases (MAPKs). Phosphorylated 

FOXO1 was furthermore shown to be associated in a complex containing Mcl-1, presumably regulating its activity.50 

FOXO3a regulates the expression of the BH3-only protein Bim in T-lymphocytes and macrophages, but whether Bim 

is expressed in neutrophils is unknown 51. However, FOXO3a does regulate the expression of Fas ligand (FasL) in 

neutrophils after stimulation with TNFα and interleukin-1β (IL-1β) by inhibiting its expression and thus preventing 

apoptosis during inflammation in a mouse model of rheumatoid arthritis 52. 

Thus, the Bcl-2 family members play an important role in controlling neutrophil apoptosis. Activation of these 

proteins eventually leads to the release of pro-apoptotic proteins from the mitochondria. Their role in the activation of 

caspases, which are the executioners of apoptosis, will be discussed in the next section. 

 

Caspase activation in neutrophil apoptosis 

Caspases are expressed as inactive zymogens and require processing for activation.53 Activation of the extrinsically 

activated caspase-8 and -10 is initiated by ligation of a trans-membrane death receptor of the tumour-necrosis factor 

type-1 superfamily, such as Fas 54. One of the down-stream targets of caspase-8 is the Bcl-2 family member Bid, 

which, after truncation by caspase-8, triggers the release of pro-apoptotic factors from the mitochondria as has been 

mentioned in the previous section. Molecules such as Smac/DIABLO and Omi/HtrA2, which are released from the 
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mitochondria, initiate apoptosis by binding to the baculovirus IAP repeat (BIR) on the inhibitors of apoptosis (IAPs), 

thus preventing their inhibitory activity 22,55-58.  

IAPs are normally associated with both caspase-9 and -3 and are thought to continuously target these caspases 

for degradation in the proteasome 55. Cytochrome c, which is also released from the mitochondria, activates caspase-9 

by initiating the formation of the apoptosome, a multi-protein complex wherein caspase-9 is activated 59. Even though 

neutrophil mitochondria contain very low amounts of cytochrome c, this amount is probably sufficient to activate the 

apoptosome in neutrophils 60. Activated caspase-9 can cleave and activate the executioner caspases, which in their turn 

cleave a number of target proteins, resulting in apoptosis of the cell. Although caspase-8 can also activate caspase-3 

directly, mitochondrial amplification seems to be required for effective apoptosis in most cells, including neutrophils 
22. 

 

Reactive oxygen species and neutrophil apoptosis 

The primary function of neutrophils is to ingest and kill micro-organisms by means of an NADPH-dependent 

respiratory burst. Their metabolism is adapted for this role: a high rate of glycolysis guarantees a steady supply of 

NADPH and allows the cells to survive and function under anaerobic conditions 26.While bacterial products such as 

LPS are known to prolong neutrophil survival, phagocytosis and killing of pathogens seem to induce apoptosis 16-

18,49,61. These two mechanisms guarantee that neutrophils remain alive and active when bacteria are present, while 

neutrophils that have fulfilled their task and are loaded with killed bacteria are rapidly cleared.  

The mechanisms of phagocytosis-induced apoptosis are not quite clear although a role for ROS, NADPH-

oxidase derived or not, has been proposed 18. Watson et al. tested the effect of different antioxidants on E. coli-

induced neutrophil apoptosis and found that the ⋅OH scavenger dimethyl sulfoxide (DMSO) and the H2O2 scavengers 

glutathione (GSH) and N-acetylcysteine (NAC) inhibited this form of apoptosis, while they had no effect on 

spontaneous neutrophil apoptosis 18.  

In most cell types an increase in ROS leads to DNA damage as well as to oxidation of polyunsaturated fatty 

acids in the cell membrane. DNA damage induces the activation of Poly(ADP-ribose) polymerase 1 (PARP-1), an 

enzyme involved in DNA repair. Overactivation of PARP-1, on the other hand, mediates the release of AIF from the 

mitochondria through an as yet unclear mechanism, causing a form of caspase-independent cell death 62. However, 

PARP-1 is not expressed in neutrophils. AIF is present in the mitochondria of neutrophils but is not translocated to the 

nucleus upon induction of apoptosis 22.  

The mitochondrial translocation sequence at the N-terminus of AIF has to be cleaved off by calpain-1, a 

cysteine protease not related to the caspases, to release this protein from the mitochondria. Cleaved AIF reveals a 

nuclear translocation sequence and is consequently shuttled to the nucleus, where it becomes involved in peripheral 

chromatin condensation and large-scale fragmentation of DNA 47. Calpain-1 is activated in a Ca2+- and ROS-

dependent manner and has been shown to play an important role in neutrophil apoptosis, since inhibition of calpain 

reduces the rate of spontaneous neutrophil apoptosis 5,7. Calpain presumably enters the mitochondria through the PTP 

formed by tBid and Bax 47. However, its targets in neutrophils do not appear to include AIF, but calpain-1 is 

apparently involved in the degradation of the X-linked inhibitor of apoptosis (XIAP) and in the activation of Bax 5,7. 

This would suggest that either PARP-1 activity is required for the calpain-1-mediated cleavage of AIF, or that calpain-

1 is unable to enter the mitochondria of neutrophils.  
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Mammalian AIF is not only involved in apoptosis but also contains a flavin adenine dinucleotide (FAD)-binding 

domain that is not required for the apoptotic function of AIF. AIF has both NAD(P)H oxidase and 

monohydroascorbate reductase activity in the mitochondria 62,63. Mice deficient in AIF have no defects in apoptosis 

but instead die during embryogenesis, while harlequin mice, which are AIF hypomorphs, are more instead of less 

sensitive to the induction of apoptosis 64. This suggests that the primary function of AIF is not in apoptosis but in the 

regulation of cellular metabolism. Whether and how AIF contributes to neutrophil metabolism is as yet unknown. 

Another mitochondrial protein with a dual agenda is Omi/HtrA2. This protein was originally identified as a 

serine protease released from the mitochondria in response to oxidative stress that targets the IAP proteins. Omi/HtrA2 

does not compete with caspases for binding of the IAP BIR domain, as Smac/DIABLO does, but degrades IAPs by 

virtue of its serine protease activity, causing increased caspase activation 65,66. In the absence of caspase activation, the 

serine protease activity of Omi/HtrA2 can also contribute to cell death, although its targets have not been identified 57. 

Omi/HtrA2, which is well conserved from bacteria through humans, has a role in the maintenance of mitochondrial 

homeostasis under normal conditions as well, but this role has not been clearly defined yet 67.  

The intramitochondrial serine protease activity of Omi/HtrA2 has been shown to be required for caspase-

independent cell death of neutrophils.  In the presence of the pan-caspase inhibitor zVAD, neutrophils that are 

stimulated with TNFα still undergo a form of cell death, as described by Maianski et al. and Liu et al.68,69 The ROS 

scavenger NAC and the respiratory chain inhibitor rotenone provided partial protection against this form of cell death 

but it was completely abrogated by inhibition of Omi/HtrA2 57,68,69).  In neutrophils from patients with chronic 

granulomatous disease (CGD), which lack a functional NADPH oxidase, this form of cell death could also be induced, 

whereas it did not occur in mitochondria-deficient cytoplasts 68. This suggests that TNFα signals directly to the 

mitochondria, where it activates Omi/HtrA2, which is somehow responsible for the generation of ROS that enhance 

neutrophil cell death.  

The potential cytotoxic effects of zVAD itself, as suggested by Cowburn et al. 70, are still unexplained, 

however, as is the role of Omi/HtrA2 in this process. The protective role of Omi/HtrA2 in the maintenance of 

mitochondrial homeostasis in neutrophils has thus far not been addressed at all. Since the protein has been suggested 

to respond to redox stress, and neutrophils usually expose themselves to a high level of redox stress during the 

respiratory burst, Omi/HtrA2 may have an important role in preventing necrosis in neutrophils and favouring 

apoptosis instead as a response to excessive redox stress 67. 

Finally, neutrophils cultured under hypoxic or anoxic conditions show a delay in apoptosis. This effect is 

dependent on the activity of hypoxia-induced factor-1 (HIF-1) and NF-κB p65 71,72. The transcription factor HIF-1 

comprises two subunits (α and β), of which the β-subunit is stably expressed while the α-subunit is constantly 

degraded after hydroxylation. Low oxygen tension or an increase in succinate levels due to failing respiratory chain 

activity leads to stabilization of the α-subunit and consequent activation of HIF-1 73,74. The activity of HIF-1 leads to 

the expression of a large number of genes, including genes involved in glycolysis, angiogenesis and cell survival. 

Interestingly, the gene for Mcl-1, a protein that is very important for neutrophil survival, as mentioned above, has been 

identified as a putative HIF-1 target gene 75. 
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In conclusion, the redox and the metabolic state of the neutrophil clearly contribute to determining the cell’s 

survival. Paradoxically, low mitochondrial respiration seems to prolong neutrophil survival, whereas a similar state 

would induce apoptosis in other cell types. Apparently, neutrophils are uniquely equipped to deal with these 

conditions. 

 

Conclusion 

Spontaneous neutrophil apoptosis is a complex process regulated at many different levels. However, all of the 

pathways that lead to neutrophil apoptosis converge at the mitochondria. These organelles not only act as containers 

for cytotoxic proteins but also as sensors for the metabolic and redox state of the cell and collectors of free Ca2+, as 

summarized in figure 1 22,30,43,71,72. All of these functions seem to be required to safely guide the neutrophil into the 

apoptotic process without accidentally triggering the release of the toxic contents of the cell. It seems, in fact, not 

surprising that neutrophils become spontaneously apoptotic, but it is surprising that they remain alive long enough to 

perform their duties. It would, therefore, be interesting to investigate the functions of mitochondrial proteins such as 

AIF and Omi/HtrA2 in healthy neutrophils. Recent evidence also points towards a role for the Bcl-2 family of proteins 

outside the process of apoptosis 42,67,76. Especially Bid and Mcl-1, both oddballs in the family and highly expressed in 

neutrophils, are interesting targets for further investigation. The emerging role of HIF-1 in innate immunity in general 

and in neutrophil apoptosis in particular demonstrates that although we have learned much about neutrophil apoptosis 

in the past decades, we do not yet fully appreciate the complexity of the process.  

 

Acknowledgements 

We gratefully acknowledge Prof. D. Roos for critical review of the manuscript and his helpful suggestions. 

This work was supported by a grant from the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO-Vidi 

scheme 917.46.319). 
 

Figure 1. Overview of the signalling pathways in-
volved in neutrophil survival and apoptosis.  
Growth factors such as G-CSF promote neutrophil sur-
vival by activating PI-3K that governs the activity of 
FOXO and HIF-1, promoting neutrophil survival by con-
trolling the activity and expression of survival factors 
such as Mcl-1. A state of hypoxia and ROS, generated by 
the mitochondria, also contribute to this effect. Ligation 
of death receptors or intrinsically triggered apoptosis, 
leads to caspase cleavage, activation of Bid, the sudden 
release of Ca2+ from the ER and cell death. Central in 
these processes are the mitochondria (Mito). 
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