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Redox Regulation of Neutrophil Apoptosis

R.W.G. WATSON

ABSTRACT

The persistence of a neutrophil-mediated inflammatory response is due in part to a delay in their spontaneous
rates of apoptosis or cell death. Regulating apoptosis has important implications for the resolution of inflamma-
tory disorders, such as the systemic inflammatory response syndrome or acute respiratory distress syndrome.
Neutrophils through their primary function of killing bacteria generate large concentrations of reactive oxygen in-
termediates and have alterations in the levels of antioxidants. Reactive oxygen intermediates and antioxidants are
important regulators of the apoptotic caspases, but the mechanisms involved are still under debate and investiga-
tion. This review addresses the role of the cellular redox status of neutrophils on the apoptotic cascade leading to

cell death. Antioxid. Redox Signal. 4, 97-104.

INTRODUCTION

POLYMORPHONUCLEAR LEUKOCYTES OR NEU-
TROPHILS are central in the innate immune
response. They represent the first line of de-
fense against bacterial and fungal infection.
They kill invading pathogens by the produc-
tion of reactive oxygen intermediates and
proteolytic enzymes. In contrast to this bene-
ficial response, neutrophils have been shown
to play an important role in the development
of a number of inflammatory diseases rang-
ing from rheumatoid arthritis (49) to acute
respiratory distress syndrome (48). This is
mediated through the inappropriate persis-
tence of phagocytic cells at the site of inflam-
mation. Ultimately, the removal of these cells
from the site is an essential step in the resolu-
tion of inflammation.

Mature neutrophils have a very short life
span and die rapidly via apoptosis in vivo and
in vitro, resulting in the demise of the entire
population within 72 h (18). These cells are re-
placed by the release of mature neutrophils
from the bone marrow. This process is essen-
tial for maintaining fully functional neu-
trophils in the circulation. To mount an in-
flammatory response and fight a bacterial
infection, the apoptotic rates are significantly
delayed (59). A number of mediators and in-
tracellular mechanisms that regulate neu-
trophil apoptosis have been identified, but
the complete mechanism still remains un-
clear. The intracellular redox potential of the
cell has been shown to regulate this apoptotic
cascade. As the neutrophil has the ability to
generate changes in this potential through its
primary function of killing bacteria, this may
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have important implications in the regulation
of apoptosis and the resolution of inflamma-
tory disorders.

CHARACTERISTICS OF
NEUTROPHIL APOPTOSIS

Cells undergoing apoptosis demonstrate
similar characteristics; however, individual
cell types differ in the extent to which they
express these changes. A number of morpho-
logically identifiable stages have been re-
ported. These include exuberant cell-surface
protrusion and breaking up of the nucleus to
form multiple fragments and compacted
chromatin (30, 66). These changes are accom-
panied by flipping of phosphatidylserine
from the inner plasma membrane to the cell
surface. Finally, the cell-surface protuber-
ances separate to produce membrane-en-
closed apoptotic bodies in which the closely
packed cytoplasmic organelles remain well
preserved (20, 31). The nuclear collapse that
is the hallmark of apoptosis is characterized
by fragmentation of DNA induced by en-
donucleases, producing fragments in the
range 300-50 kbp. The DNA cleavage contin-
ues with internucleosomal double-stranded
cutting to produce the familiar ladder on
agarose gel electrophoresis (12).

The end result of apoptosis in the neu-
trophil is a nonfunctional cell, with a loss in
chemotaxis, respiratory burst activity, and de-
granulation. These apoptotic bodies are then
ingested or phagocytosed by the surrounding
macrophages or fibroblasts. This prevents the
release of their intracellular toxic mediators
and results in the resolution of the inflamma-
tory response.

INHIBITORS OF
NEUTROPHIL APOPTOSIS

It has been clearly demonstrated that in-
flammatory mediators, including the «cy-
tokines, interleukin-1 (IL-1B), IL-2, IL-6, IL-8,
IL-15, interferon-v, granulocyte colony-stimu-
lating factor, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) and the
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bacterial cell wall product lipopolysaccharide
(LPS) can delay spontaneous neutrophil apop-
tosis (5, 7, 11, 13, 14, 15, 24, 32, 47, 64). How
these factors mediate this delay is unknown. It
is clear that inhibition of protein synthesis can
block the delay, which indicates the produc-
tion of intracellular survival factors. Activa-
tion of the mitogen-activated protin kinase
pathway, specifically extracellular signal-reg-
ulated kinase 1/2 (ERK1/2), is central to the
activation of nuclear factor-kB (NF-«kB), which
drives the delay in neutrophil apoptosis. In-
hibitors of both ERK1/2 and NF-«kB have been
shown to prevent neutrophil survival (64).

Mcl-1, a member of the Bcl-2 family of anti-
apoptotic proteins, has been shown to be ex-
pressed in the neutrophil (34, 39), and its ex-
pression is stabilized in neutrophils with a
delay in apoptosis, which may block the
apoptotic cascade at the level of the mito-
chondpria.

The newly described family of antiapop-
totic proteins, the inhibitors of apoptosis,
have been identified in the neutrophil at both
the mRNA and protein levels. These inhibit
caspase activity and block apoptosis. Their
expression is not regulated by inflammatory
mediators such as LPS or GM-CSF, which
delay neutrophil apoptosis (unpublished ob-
servations), and their contribution to anti-
apoptotic effects within the neutrophil re-
main unclear.

INDUCTION OF NEUTROPHIL
APOPTOSIS

The most well known surface receptors
that signal for induction of apoptosis are part
of the tumour necrosis factor receptor (TNFR)
family. TNFR1 and Fas initiate death signals
through “death domains” in their receptors
on interaction with the corresponding anti-
gens tumour necrosis factor-a (TNF-a) and
Fas ligand (42, 43, 52, 56).

The signaling mechanism by which Fas
and TNFR1 induce cell death has become
clearer over the last few years. Ligation of
Fas and TNFR1 results in the binding of
MORT1 (or FADD) (10) and TRADD (27) pro-
teins, respectively. These adapter proteins
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have been shown to then bind and activate a
number of proteolytic enzymes called cas-
pases (1, 6, 25, 41). Over expression of these
genes in transformed mammalian cells re-
sults in the induction of apoptosis. Likewise
inhibition of caspase activity by CrmA viral
expression (16) or protease inhibitors blocks
the expression of apoptosis (2). To date, 14
members make up the caspase family in
human cells (1). All are cysteine proteases
with a common pentapeptide sequence
-QACRG- that constitutes that active site of
the molecule, and all cleave their target pro-
teins at aspartic acid residues. The caspases
carry out their destruction of the cell through
the cleavage of a number of substrates essen-
tial for cellular function. Caspases 1 and 3
have a number of activities, including the
cleavage of actin, which gives the cell struc-
ture and would result in cell shrinkage and
blebbing, and also the cleavage of poly(ADP
ribose) polymerase (PARP), which prevents
the repair of the fragmented DNA (2).

It has been demonstrated that neutrophils
undergoing spontaneous and Fas antibody-
induced apoptosis follow a sequence of
events that include disruption of the mito-
chondrial membrane, release of cytochrome c
(unpublished observations) and activation of
caspases 9 and 3 (65). This is supported by a
number of studies that have shown activation
of caspases 3 and 9 in various stages of the
life span of the neutrophil (19, 51). In addi-
tion, it is well recognized that caspase inhibi-
tion with the zVAD-cmk inhibitor also blocks
the induction of both spontaneous and Fas
antibody-induced neutrophil apoptosis (19).
How the caspases are activated in sponta-
neous apoptosis remains unclear. One factor
believed important in the induction of spon-
taneous apoptosis was the activation of
Fas/Fas ligand on the surface of the neu-
trophil. But neutrophils from Fas-deficient
mice undergo normal rates of spontaneous
apoptosis (57).

The role of TNF in the induction of neu-
trophil apoptosis remains controversial.
TNF-a has been shown to induce, delay, and
have no effect on neutrophil apoptotic rates
(40, 53, 60). Ultimately, it has been suggested
that the functional activation of the neu-
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trophil at the time of TNF-a exposure deter-
mines its response. NF-kB activation may
represent an important determining factor
due to its ability to transcribe for a number of
survival proteins.

REDOX REGULATION OF THE
APOPTOTIC CASCADE

Elevations in reactive oxygen intermedi-
ates or depletion of antioxidants can induce
alterations in the oxidizing environment of
the cell. As the neutrophil has the capacity to
produce large amounts of reactive oxygen in-
termediates through their killing of bacteria
(68), it could be hypothesized that this path-
way may be important in the regulation of
neutrophil function such as apoptosis (see
Fig. 1).

Reactive oxygen species have been shown
to be an important and possibly a central
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FIG. 1. Possible mechanisms for the role of reactive
oxygen intermediates and antioxidants in the regula-
tion of neutrophil apoptosis. See text for details.
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apoptotic signal (8), as H,0, (33) and radia-
tion (9) both induce apoptosis in different cell
systems. Antioxidants have also been shown
to inhibit apoptosis induced by these treat-
ments. Further studies have shown that Bcl-2
expression blocks apoptosis by protecting
against oxidative stress (26). Kane et al. (28)
have shown that Bcl-2 blocks GT1-7 neural
cell death induced by depletion of glu-
tathione. It is, however, believed that oxygen
radicals are not directly responsible for the
DNA degradation and membrane damage
seen during the final common pathway of
apoptosis. Oxygen radicals may deplete thi-
ols that could activate other enzymes respon-
sible for cell death. The endogenous forma-
tion of reactive oxygen species and depletion
of thiols could be a constitutive factor that
tends to drive cells to apoptosis even in the
absence of exogenous stimuli. Such a model
of apoptosis is consistent with the view of
Raff and co-workers (4) that the default state
of the cells is to die by programmed cell death
unless kept alive by specific signals or anti-
apoptotic agents.

Glutathione depletion represents an early
event in the induction of apoptosis, occurring
before elevations in calcium and increases in
reactive oxygen intermediates (51). The loss of
glutathione has been shown to be a result of
extrusion outside the cell, as GSSG is not in-
creased. In addition, this loss may not trigger
the induction of apoptosis, but is essential for
the apoptotic cascade to proceed (21). Pre-
venting the loss of glutathione from the cell,
by inhibiting the glutathione pumps with
methionine or cystathionine, has also been
shown to prevent the induction of apoptosis
(22). Alternatively, depleting glutathione,
with buthionine sulfoximine (GSH synthesis
inhibitor), diethyl maleate, or diamide (chem-
ical deactivator of GSH), increases the suscep-
tibility of cells to apoptotic induction (3, 62).

Similar findings are demonstrated in the
neutrophil. The ingestion of heat-killed bacte-
ria results in the induction of neutrophil
apoptosis and a corresponding increase in
cellular reactive oxygen intermediates (61).
Addition of H,O,, xanthine oxidase (which
produces superoxide anion and H,0,), glu-
cose oxidase (which produces only H,O,),
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and the nitric oxide donor (S-nitrosoglu-
tathione, GSNO) also results in the induction
of neutrophil DNA fragmentation and apop-
tosis (29, 35, 50, 59). Also associated with the
increase in reactive oxygen intermediates are
decreases in cellular glutathione. This loss of
glutathione is seen in neutrophils undergoing
spontaneous apoptosis and is more marked
in Fas antibody- and TNF-a-treated cells (38).
An imbalance in oxidants and antioxidants in
neutrophils from elderly people has also been
shown to contribute to the increase in sponta-
neous apoptosis in this population, which
have a lower antioxidant shield, leading to an
augmented cellular oxidative load (54).

Antioxidants have been shown to have
some protective role against the induction of
neutrophil apoptosis. Catalase has been
shown to prevent both spontaneous neu-
trophil apoptosis and reactive oxygen-in-
duced apoptosis (29). It has also been shown
that Cu,Zn-superoxide dismutase and Mn-
superoxide dismutase, important cellular
antioxidants, have protective effects (45).
Increases in cellular glutathione through in-
cubation with the glutathione precursor N-
acetylcysteine inhibit Fas antibody-induced
apoptosis; however, there was no effect on
spontaneous rates (63, 65). Recent studies
have demonstrated that for this to occur the
glutathione pumps in the neutrophil have to
be inhibited, which will then allow the accu-
mulation of glutathione within the cell and
the inhibition of spontaneous neutrophil
apoptosis (unpublished observations). LPS,
which delays neutrophil apoptosis, has also
been shown to increase glutathione levels
within the cells and may contribute to this
delay in the apoptotic cascade (62). Counter
to this, there is evidence that exogenous glu-
tathione has been shown to enhance neu-
trophil apoptosis at an early time point (38).

The direct depletion of glutathione is asso-
ciated with the induction of neutrophil apop-
tosis. Diethyl maleate and diamide chemi-
cally deplete glutathione and induce
neutrophil apoptosis in a dose-dependent
manner. This process results in the activation
of caspase 3 and is caspase-dependent, as the
broad range zVAD caspase inhibitor blocks
the apoptotic response (46, 62).
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REDOX REGULATION OF
CASPASE ACTIVITY

Caspases are central signaling molecules in
the induction of neutrophil apoptosis. As
these proteases are cysteine-dependent en-
zymes, they are sensitive to reducing and oxi-
dizing environments. Understanding the ef-
fects of oxidants and antioxidants on caspase
activity has important implications for the
regulation of neutrophil apoptosis.

Glutathione depletion by the thiol oxidant
diamide has been shown to induce Jurkat cell
apoptosis at low concentrations, but necrosis
at high doses (55). This was not associated
with an increase in reactive oxygen interme-
diates, but did result in mitochondrial release
of cytochrome ¢ and caspase 3 activation. It
has also been shown that Fas-mediated apop-
tosis in T-lymphocytes is inhibited by precul-
ture with N-acetylcysteine and enhanced by
buthionine sulfoximine (55).

Other studies have demonstrated that the
generation of an oxidizing intracellular envi-
ronment has two distinct effects: it can di-
rectly induce apoptosis, which is caspase-de-
pendent due to the cleavage of PARP, but it
has also been shown to block apoptosis
through the inhibition of the caspases. These
effects are supported by two models: firstly,
H,O, was shown to block Fas antibody-in-
duced apoptosis and the activation of the
caspases, despite the fact that H,O, induces
apoptosis. Secondly, dithiocarbamates, which
have been shown to inhibit the apoptotic re-
sponse possibly through their antioxidant ef-
fects, have been shown to be potent thiol oxi-
dizing compounds that inhibit procaspase
processing as well as mature caspase activity
in the cell. However, in both these models the
effects are only temporary, and over ex-
tended time periods they go on to induce
apoptosis (23). Other studies have shown
that incubation of cellular extracts, with in-
creased caspase activity, are inhibited to
cleave caspase substrates when incubated
with increasing concentrations of the reduc-
ing agents, 2-mercaptoethanol, glutathione,
and thioredoxin (44, 55). These studies point
toward the fact that a reduced environment
is anticaspase.
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Glutathione has been shown to directly in-
hibit caspase activity, which is reversed by di-
amide (65) in cellular extracts isolated from
neutrophils incubated with Fas antibodies.
This is supported by neutrophil glutathione
depletion studies, which demonstrate that
there is an increase in caspase activity follow-
ing incubation with diethyl maleate or di-
amide (46).

In contrast to these studies, neutrophils in-
cubated with diphenyleneiodonium, an in-
hibitor of the NADPH oxidase system, caused
an increase in caspase activity, as determined
by DEVD-AMC cleavage, in both sponta-
neous and Fas antibody-induced apoptosis. It
was further demonstrated that reactive oxy-
gen intermediates do not activate caspase ac-
tivity, but in fact block their activity (19).

Chronic granulomatous disease (CGD) is a
rare hereditary disease characterized by se-
vere, protracted, and potentially fatal bacter-
ial and fungal infections due to their inability
to produce reactive oxygen intermediates and
kill these organisms. It was hoped that neu-
trophils from these patients would help to
unravel the role of reactive oxygen intermedi-
ates in neutrophil apoptosis. Studies by Kasa-
hara et al. (29) have shown that there is a
delay in spontaneous and resistance to Fas
antibody-induced neutrophil apoptosis in
these patients. However, Fadeel et al. demon-
strated that although there was slower induc-
tion of neutrophil spontaneous and Fas anti-
body-induced apoptosis in CGD neutrophils,
there was no difference overall and caspase 3
activity occurred as normal. Additional work
now needs to be carried out with these neu-
trophils to determine the role of reactive oxy-
gen intermediates on the apoptotic pathway.
These studies would, however, demonstrate
that reactive oxygen intermediates are not in-
volved in spontaneous apoptosis as the cells
do undergo apoptosis, but it does not rule out
the possibility that glutathione depletion is
centrally involved.

CONCLUSION

From all these studies, it could be possible
that reactive oxygen intermediates do inhibit
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caspase activity and that their role in induc-
ing apoptosis maybe through the depletion of
antioxidants, specifically glutathione. Further
research will have to be undertaken to prove
this hypothesis conclusively or fuel further
debate.

Neutrophils have the ability to produce
large concentrations of reactive oxygen inter-
mediates. These species may contribute to ei-
ther delaying neutrophil apoptosis and thus
contributing to the persistence of the inflam-
matory response or inducing apoptosis and
helping in its resolution. Both results have
important implications in the treatment of in-
flammatory diseases, such as bacterial infec-
tions and the systemic inflammatory re-
sponse syndrome.

ABBREVIATIONS

CGD, chronic granulomatous disease; ERK,
extracellular signal-regulated kinase; GM-
CSF, granulocyte-macrophage colony-stimu-
lating factor; IL, interleukin; LPS, lipopoly-
saccharide; NF-kB, nuclear factor-«xB; PARP,
poly(ADP ribose) polymerase; TNF-«, tumor
necrosis factor-a; TNFR, tumour necrosis fac-
tor receptor.
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