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Abstract: Delayed neutrophil apoptosis is charac-
teristic of sepsis and may accentuate organ injury.
It has been shown that PI-3K and MAPK pathways
provide survival signaling in neutrophils. In this
study, we demonstrate that neutrophils isolated
from septic rats are resistant to apoptosis in com-
parison with the cells from normal animals. In con-
trast to normal serum, septic sera induced strong
phosphorylation of AKT and p44/42 in neutrophils
obtained from normal rats, resulting in marked
resistance of these cells to apoptosis. Protection
from apoptosis by septic sera was abrogated com-
pletely by inhibition of PI-3K and partially dimin-
ished by MEK inhibition. Increased neutrophil sur-
vival in septic rats was associated with increased
levels of Bcl-xL in neutrophils and decreased levels
of Bim expression. In vivo blockade of C5a in cecal
ligation and puncture rats by anti-C5a antibody
markedly restored the susceptibility of neutrophils
to undergo apoptosis. C5a activated AKT and
p44/42 and also enhanced X-linked inhibitor of
apoptosis expression in neutrophils. LPS and C5a
were able to induce Bcl-xL expression. Thus, neu-
trophil survival signals derived from effects of sep-
tic sera could be linked to activation of ERK1/2
and PI-3K, increased antiapoptotic protein ex-
pression, and ultimately, delayed neutrophil
apoptosis. J. Leukoc. Biol. 80: 1575–1583; 2006.
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INTRODUCTION

Neutrophils are major effector cells at the frontier of the
immune response and play a critical role in host defenses
against invading microorganisms. Under inflammatory settings
such as ischemia/reperfusion injury and acute respiratory dis-
tress syndrome, neutrophils tend to accumulate in inflamed
tissues, where they exert two significant functions: eradication
of invading microorganisms and induction of tissue damage.
Tissue injury can be caused by proteases and reactive oxygen
radicals released from activated neutrophils. In addition, neu-
trophils are able to produce cytokines and chemokines that
affect the process of inflammation [1]. It is generally believed
that neutrophil accumulation is a hallmark of the phlogistic
process and plays an essential role in tissue injury.

Apoptosis is an important process for removal of neutrophils
in inflamed tissues. This not only diminishes the release of
inflammatory mediators and enzymes but also removes neutro-
phils from tissues [2]. Under normal conditions, nearly 1–2 �
1011 human neutrophils are generated each day. Their lifespan
is short (24–36 h) in the circulation [3]. However, in certain
inflammatory states, neutrophils show a prolonged lifespan.
Delayed apoptosis of neutrophils in the lung has been observed
after hemorrhage or endotoxemia [4]. Neutrophil apoptosis in
patients with systemic inflammatory response syndrome (SIRS)
decreases significantly when compared with that in healthy
controls, and the plasma from these patients can inhibit apo-
ptosis of normal neutrophils, suggesting that survival signals
are derived from inflammatory mediators in blood [5]. Many
inflammatory cytokines and chemokines have been found to
render neutrophils survival signals. For instance, TNF-�, IL-
1�, IL-6, IFN-�, GM-CSF, G-CSF, and IL-8 have been shown
to prolong the lifespan of circulating neutrophils [6]. Other
inflammatory mediators such as leukotriene B4 (LTB4), LPS,
and C5a can also delay neutrophil apoptosis [6, 7]. Delayed
neutrophil apoptosis may contribute to SIRS and organ dam-
age, given the facts that antineutrophil treatment attenuates
lung and liver damage [8] and improves survival in the setting
of experimental sepsis [9].

C5a is a potent, inflammatory peptide with a broad spectrum
of biological functions [10]. C5a induces neutrophil chemoat-
traction, an oxidative burst (consumption of O2 and production
of H2O2), enhancement of phagocytosis, and release of granule
enzymes. C5a is also a strong vasodilator. During sepsis, the
C5a receptor (C5aR) has been found to be up-regulated in
major organs (lungs, liver, kidneys, heart) [11], and C5aR
expression on neutrophils is diminished greatly [12]. Recently,
C5a has been found to suppress neutrophil apoptosis [13, 14].
However, all the studies were done in an in vitro setting. The
mechanism by which C5a exerts its antiapoptotic effect on
neutrophils in the setting of sepsis is largely unknown. The
current study was designed to evaluate the role of C5a in
neutrophil apoptosis during sepsis and to identify intracellular
events responsible for delayed neutrophil apoptosis during
septic conditions.
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MATERIALS AND METHODS

Reagents

RPMI-1640 medium and FBS were obtained from Gibco Life Technologies
(Rockville, MD). MEK1/2 inhibitor U0126 and PI-3K inhibitor LY294002
were purchased from Cell Signaling Technology Inc. (Beverly, MA). Antibodies
to rat AKT, phospho-AKT, p44/42, phospho-p44/42, X-linked inhibitor of
apoptosis (XIAP), and Smac/Diablo were obtained from Cell Signaling Tech-
nology Inc., and antibody to GAPDH was obtained from Abcam, Inc. (Cam-
bridge, MA). Recombinant rat C5a was produced in our laboratory [15]. LPS
was obtained from Sigma-Aldrich (St. Louis, MO; Escherichia coli 026:B6 cell
culture-tested, purified by gel-filtration chromatography, �-irradiated).

Rat model of cecal ligation and puncture (CLP)

Male Long-Evans-specific, pathogen-free rats (275–300 g, Harlan, Inc., Indi-
anapolis, IN) were used in all studies. Anesthesia was induced by i.p. admin-
istration of ketamine (20 mg/100 g body weight). After shaving the abdomen
and application of a topical disinfectant, a 2-cm midline incision was made,
and the cecum was identified and ligated below the ileocecal valve, with care
being taken not to occlude the bowel or its vascular supply. The cecum was
then subjected to a single through-and-through perforation with an 18-gauge
needle. After repositioning the bowel, the abdominal incision was closed in
layers with a plain gut surgical suture 4-0 (Ethicon, Inc., Somerville, NJ) and
metallic clips. Sham animals underwent the same procedure in the absence of
CLP. Before and after surgery, animals had unlimited access to food and water.
Animals receiving anti-C5a antibody treatment were injected i.v. at the time of
the CLP procedure with 500 �g rabbit anti-rat C5a IgG (against the carboxyl-
terminal region; purified and characterized as described previously [16]) or
with 500 �g preimmune rabbit IgG.

Isolation of rat blood neutrophils

Whole blood from control rats or CLP rats was drawn into syringes containing
the anticoagulant, acid citrate glucose (Baxter Health Care, Mundelein, IL).
Neutrophils were isolated using Ficoll-Paque gradient centrifugation (Pharma-
cia Biotech, Uppsala, Sweden) and dextran sedimentation. After hypotonic
lysis of residual RBC, the neutrophils were used for further studies. Cell purity
(�95%) and viability (�98%) were evaluated by the Trypan blue exclusion
method.

Cell culture and stimulation

The neutrophils were maintained in RPMI 1640 supplemented with 10% FCS,
2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin. A final
concentration of 1 � 106 cells/ml was used for stimulation at 37°C in a
humidified CO2 incubator (5% CO2 and 95% air). As indicated, cells were
incubated with 20 �M MEK1/2 inhibitor (U0126) or 50 �M PI-3K inhibitor
(LY294002). These doses have been found to block MEK1/2 and PI-3K
activation effectively in neutrophils [17, 18]. For in vitro apoptosis assay, the
neutrophils were incubated in an ultra-low attachment polystyrene plate (Corn-
ing Inc., Corning, NY) for 20 h, and apoptosis assessment was subsequently
performed using binding of Annexin V (Ax).

Collection of serum samples from septic animals

After induction of sepsis, animals were killed at the indicated time-points after
CLP, and blood was drawn from the inferior caval vein. Blood samples were
allowed to clot on ice for 4 h before centrifugation at 3000 rpm for 15 min at
4°C. Serum was collected and frozen immediately at –80°C until use.

Detection of neutrophil apoptosis by flow
cytometry analysis

Neutrophils (1�106) were stained with Ax conjugated to FITC and propidium
iodide (PI) by using the Ax-FLUOS staining kit (Boehringer-Mannheim Corp.,
Germany), using the manufacturer’s instructions. Immediately after staining,
the cells were analyzed on a flow cytometer (Coulter Corp., Miami, FL) using
488 nm excitation and a 525-nm bandpass filter for FITC and a 620-nm filter
for PI detection. Data were analyzed by using WinList computer software
(Verity Software House Inc., Topsham, ME). Electronic compensation of the

instrument was carried out to exclude overlapping of the two emission spectra.
Cell debris was eliminated by gating according to side-scatter and forward-
scatter detection. The regions for Ax-positive only, PI-positive only, double-
positive, and double-negative were created by single-parameter analysis with
Ax-FITC or PI. Neutrophil apoptosis is presented by the percentage of Ax-
positive cells, which include early and late apoptotic cells.

Western blot analysis

Approximately 5 � 106 cells per condition were used for whole cell lysis using
100 �l Laemmli buffer containing 5% 2-ME. Lysates were separated on a
NuPAGE 4–12% bis-Tris gel (Invitrogen, Carlsbad, CA), and proteins were
transferred to a polyvinylidene difluoride membrane. Nonspecific binding sites
were blocked with TBST (40 mM Tris, pH 7.6, 300 mM NaCl, and 0.1% Tween
20) containing 5% nonfat dry milk for 12 h at 4°C. Membranes were incubated
with the following antibodies in a 1:1000 or 1:2000 dilution: polyclonal rabbit
anti-BAX (PharMingen, San Diego, CA), monoclonal mouse anti-Bcl-xL
(PharMingen), polyclonal rabbit anti-Bad (Santa Cruz Biotechnology Inc., CA),
polyclonal rabbit anti-Bim (PharMingen), and antibodies to AKT, phospho-
AKT, p44/p42, phospho-p44/p42, XIAP, and Smac/Diablo (Cell Signaling
Technology Inc.). After five washes in TBST, membranes were incubated in a
1:10,000 dilution of HRP-conjugated donkey antirabbit or mouse IgG (Amer-
sham Pharmacia Biotech, Piscataway, NJ). The membrane was developed by
ECL technique according to the manufacturer’s protocol. Protein expression
was quantitated from digitized autoradiography films using image analysis
software (Adobe Systems, San Jose, CA). Protein levels were normalized by
probing the same blot with GAPDH.

Statistical analysis

In groups with equal variances, datasets were analyzed using one-way
ANOVA, and individual group means were then compared with the Student-
Newman-Keuls multiple comparison test. In groups containing unequal vari-
ances, Kruskal-Wallis ANOVA was performed, followed by Dunnett’s method
for multiple comparisons. All values were expressed as the mean � SEM.
Significance was assigned, where P � 0.05. For percent change between
groups, values obtained from negative controls were subtracted from each data
point.

RESULTS

Delayed neutrophil apoptosis in
CLP-induced sepsis

It is well known that neutrophils are programmed to undergo
spontaneous apoptosis. It has been demonstrated that PI-3K
and the ERK1/2 are involved in neutrophil resistance to
apoptosis induced by inflammatory mediators such as C5a
and GM-CSF [13, 14, 19, 20]. To determine how these
pathways may be involved in sepsis-induced delayed neu-
trophil apoptosis, we isolated neutrophils from control and
CLP rats. These cells were cultured with 20 �M U0126
(MEK1/2 inhibitor), 50 �M LY294002 (PI-3K inhibitor), or
50 nM C5a for a 20-h incubation at 37°C in PRMI medium
supplemented with 10% FBS. As shown in Figure 1A,
nearly 55% of control neutrophils were apoptotic after 20 h
of incubation, and only 22% of the neutrophils isolated from
CLP rats showed evidence of apoptosis. MEK1/2 and PI-3K
inhibitors had no significant effects on neutrophil apoptosis
when the cells were isolated from control animals (control
neutrophils). However, CLP neutrophils almost completely
regained their apoptotic ability in the presence of the PI-3K
inhibitor, but no effect was seen after in vitro exposure to
the MEK1/2 inhibitor. As would be expected, C5a at a final
concentration of 50 nM slightly but significantly reduced
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neutrophil apoptosis. Dot-plot graphs (Ax vs. PI) were shown
in Figure 1B to illustrate the different rate of apoptosis in
control neutrophils and 24 h CLP neutrophils.

Sera from septic rats (12 h after CLP) were also tested for the
antiapoptotic activity for neutrophils, which when isolated from
control animals, were treated with 20 �M U0126, 50 �M
LY294002, or 50 nM C5a and cultured in PRMI medium
supplemented with 10% rat control serum or 10% rat septic
serum. As shown in Figure 1C, the exposure of control neu-
trophils to rat septic serum strongly inhibited neutrophil apo-
ptosis. Fifty percent of neutrophils underwent apoptosis when
exposed to rat control serum, and only 18% of cells underwent
apoptosis in the presence of rat septic serum. The decrease of
neutrophil apoptosis could be partially attenuated by the
MEK1/2 inhibitor and reversed completely by the PI-3K in-
hibitor (Fig. 1C, right panel). In contrast to the data obtained
by using 10% FBS (Fig. 1A, left panel), MEK1/2 and PI-3K
inhibitors were able to cause increased neutrophil apoptosis in
the presence of 10% rat control serum, suggesting that rat
control serum may render more apoptotic signals to neutrophils
sensitized by MEK1/2 or PI-3K inhibitor than commercial
FBS. Exposure to C5a inhibited neutrophil apoptosis in the
presence of rat control serum. However, delayed neutrophil
apoptosis by septic serum could not be decreased further by
exposure to C5a (Fig. 1C, right panel).

Effects of septic sera on neutrophil apoptosis

To further explore the mechanisms by which neutrophils are
protected from apoptosis by septic sera, we evaluated the
effects of septic sera on activation of MEK1/2 and PI-3K.
Serum was isolated from rat blood 0, 3, 6, 12, and 24 h after
CLP. As shown in Figure 2A, apoptosis of neutrophils from
normal rats decreased dramatically when exposed to 10%
septic serum from 3 h CLP rats, and further protection by sera
was obtained 6, 12, and 24 h after CLP (Fig. 2A). Neutrophils
were also treated with septic serum from 12 h CLP rats to
evaluate its effects on the activation of PI-3K and MEK path-
ways. As shown in Figure 2B, septic serum, but not control
serum, caused AKT phosphorylation as early as 5 min after
exposure. The AKT activation was sustained to 30 min and
disappeared by 1 h incubation. Septic serum was also able to
cause marked phosphorylation of p44/42, and control serum
had less effect on p44/42 activation (Fig. 2C). These data
suggest that septic sera provide strong survival (antiapoptotic)
signals for neutrophils by activation of MAPK and PI-3K
pathways.

Expression of Bcl-2 family members in
neutrophils during sepsis

Blood neutrophils were isolated from control and CLP rats and
then incubated with 10% control rat serum for 20 h at 37°C.
Before and after incubation, neutrophils were lysed in Laemmli
buffer for Western blot analysis. As shown in Figure 3, Bcl-xL
expression was up-regulated markedly in CLP neutrophils in
comparison with control neutrophils (lane 1 vs. lane 3), and
Bim expression diminished in CLP neutrophils (lane 1 vs. lane
3). BAD and BAX levels were not altered significantly. All
these Bcl-2 members showed a rapid rate of protein degrada-

Fig. 1. Different apoptotic outcomes in neutrophils from septic and nonseptic
rats. Blood neutrophils were isolated from normal (control) and CLP rats and
incubated with 20 �M U0126 (MEK1/2 inhibitor), 50 �M LY294002 (PI-3K
inhibitor), or 50 nM C5a for 20 h in PRMI medium supplemented with 10%
FBS. After incubation, neutrophil apoptosis was assessed by flow cytometry for
Ax-PI staining (A and B). Sera from rats were incubated with neutrophils (C).
Neutrophils isolated from control animals were also incubated with 20 �M
U0126, 50 �M LY294002, or 50 nM C5a and cultured in PRMI medium
supplemented with 10% rat control serum or 10% rat septic serum obtained
12 h after CLP. Neutrophil apoptosis was subsequently assessed after 20 h in
vitro incubation at 37°C. Data are representative of two to three independent
experiments with neutrophils pooled from four to six rats. Samples were done
in triplicate. *, P � 0.05, compared with the “None/Inhibitor” group.
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tion in control and CLP neutrophils after 20 h in vitro incu-
bation, suggesting that other intracellular proteins besides
Bcl-2 members may be involved in delaying neutrophils from
undergoing apoptosis during sepsis.

In vivo and in vitro role of C5a in
neutrophil apoptosis

Plasma samples were collected at 0, 6, 12, 24, 36, and 48 h
after CLP, and C5a levels in these plasma samples were

determined by ELISA. The plasma C5a levels peaked at 12–24
h, showing a 2.5-fold increase over the 0 time samples, which
contained 3.0 ng C5a per milliliter. C5a levels declined there-
after. However, it is reasonable to postulate that C5a levels in
septic plasma are much higher than those determined by
ELISA, as C5a is known to bind quickly to C5aR on neutro-
phils and internalize.

To appraise the role of C5a in delayed neutrophil apoptosis
in sepsis, 500 �g anti-C5a IgG or preimmune (Control) IgG
was administered i.v. into rats immediately after CLP. Neutro-
phils were obtained from rats 12 h after CLP and incubated in
vitro for 20 h at 37°C. Neutrophils were then assessed for
apoptosis. Consistent with the findings described above, neu-
trophils from septic animals showed a low rate of apoptosis
(27%). However, anti-C5a treatment increased the neutrophil
apoptosis rate significantly, to 40.6% (P�0.01; Fig. 4), sug-
gesting that endogenously generated C5a plays an important
role in regulation of neutrophil apoptosis during sepsis.

C5a has been shown to regulate neutrophil expression of
many inflammatory mediators in synergy with LPS [21–23]. To
investigate if LPS and C5a also coregulate neutrophil apoptosis
in vitro, neutrophils from control rats were incubated for 20 h

Fig. 3. Western blot analysis of expression of Bcl-2 family members in
neutrophils during sepsis. Neutrophils were isolated from control rats (Con)
and 20 h after CLP rats and incubated with 10% control rat serum for 20 h.
Before and after incubation, neutrophils were lysed immediately in Laemmli
buffer for Western blot analysis. Data are representative of two to three
independent experiments with neutrophils pooled from four to six rats.

Fig. 2. Effects of septic sera on neutrophil apoptosis. Serum was isolated
from rat blood 0, 3, 6, 12, and 24 h after CLP. Neutrophils from control rats
were cultured with 10% septic serum for 20 h, and neutrophil apoptosis was
subsequently evaluated as described above (A). To explore the mechanism
by which neutrophils are protected from apoptosis by septic sera (12 h after
CLP), we evaluated the effects of septic sera on phosphorylation of AKT
and p44/42 (p-AKT and p-P44/42, respectively) by Western blot analysis
(B and C). Approximately 5 � 106 cells per condition were used for whole
cell lysis, using 100 �l Laemmli buffer containing 5% 2-ME. Data are
representative of three independent experiments with neutrophils pooled
from four to six rats.
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at 37°C in the presence of C5a, LPS, or the combination. It is
interesting that C5a, LPS, and LPS 	 C5a had equal inhibitory
effects on neutrophils apoptosis (
15% reduction; Fig. 5A).
No synergistic or additive effects were found with the combi-
nation of LPS and C5a. As shown in Figure 5, B and C,
exposure to C5a (but not to LPS) resulted in AKT and p44/42
phosphorylation, suggesting specific agonist effects of C5a on
AKT and MAPK signaling pathways.

To further explore the influence of C5a and LPS on pro-
and antiapoptotic molecules, we evaluated the expression
pattern of XIAP, Smac/Diablo, Bcl-xL, and BAX in response
to stimulation with C5a or LPS or the combination. Neutro-
phils isolated from control rats were exposed to C5a (50
nM), LPS (100 ng), or LPS 	 C5a for 4 h, and Western blot
analysis was performed to assess the levels of these proteins.
As shown in Figure 6, C5a and LPS were able to induce
XIAP expression, and the combination of these inflamma-
tory mediators failed to show additive effects on induction of
XIAP expression. The cell protein levels of BAX and Smac/
Diablo were not obviously altered by C5a or LPS or the
combination. C5a and LPS were capable of inducing Bcl-xL
expression, but no additive effect was obvious when the
combination of LPS and C5a was used. These data suggest
that C5a and LPS may inhibit neutrophil apoptosis through
up-regulating expression of antiapoptotic molecules (XIAP
and Bcl-xL) and that C5a and LPS signaling may overlap on
induction of antiapoptotic molecule expression. The effect of
septic serum on the expression of these molecules was also
shown in Figure 6. Septic serum showed a significant in-
duction on XIAP and Bcl-xL expression but showed no
effect on Smac/Diablo and BAX expression.

DISCUSSION

It is well known that sepsis triggers complement activation
[10]. Excessive activation of complement leads to high levels of
complement activation products in the blood, including the
potent proinflammatory peptides, C3a and C5a. In humans and
animals with sepsis, elevated plasma levels of C3a, C4a, and
C5a have been described [24–27]. Excessive production of
C5a during sepsis is detrimental. Indeed, C5a has been shown
to play an essential role in the pathogenesis of sepsis [10]. In
neutrophils, low (1–10 nM) doses of C5a can lead to nonspe-
cific, chemotactic “desensitization,” thereby causing broad
dysfunction as well as paralysis of MAPK pathways. In sepsis,
blood neutrophils from CLP rats display defective phagocytosis
and chemotaxis as well as defective assembly of NADPH
oxidase [28]. All such defects can be prevented by in vivo
blockade of C5a or C5aR, suggesting that neutrophil innate
immune functions in sepsis are seriously compromised by
overproduction of C5a and excessive engagement of C5aR.

C5a/C5aR signaling on neutrophils appears to provide sur-
vival signals for these cells. High levels of neutrophil seques-
tration may result in tissue damage by releasing proteinases
and free radicals, ultimately leading to multiple organ failure.
In humans, spontaneous apoptosis was reduced significantly
(only 8.6%) in blood neutrophils obtained from patients with
SIRS when compared with neutrophils from normal donors
(34.9%) [5]. Our in vitro experiments demonstrate that more
than 50% of neutrophils isolated from normal donors undergo
apoptosis during a 20-h in vitro culture process (at 37°C).
Exposure of neutrophils to C5a can inhibit neutrophil apoptosis
in a dose- and time-dependent manner. The antiapoptotic
effects of C5a were decreased markedly in the presence of a
wortmannin (a PI-3K) inhibitor or PD98059 (an ERK inhibi-
tor), suggesting that the PI-3K/Akt and the MEK pathways are
required for induction of apoptosis [13, 14]. In this study, we
demonstrated that the PI-3K pathway was a major pathway
involving suppression of neutrophil apoptosis during sepsis,
given the fact that the PI-3K inhibitor completely abolished the
protective effects of sepsis on neutrophil apoptosis (Fig. 1, A
and B). The protective role of the MEK pathway in neutrophil
apoptosis seems to be limited in sepsis, as inhibition of the
MEK1/2 pathway did not affect neutrophil survival from septic
animals but partially reversed the suppression of neutrophil
apoptosis induced by septic sera (see Fig. 1). These data
suggest that the PI-3K/Akt pathway is likely to serve as the
upstream machinery providing the essential survival signaling
to neutrophils, and the MEK pathway may only serve as a
branch in the context of prevention of neutrophil apoptosis.
Under septic condition, how these two pathways cross-talk with
each other is unknown. As also shown in Figure 1, the inhib-
itors of MEK1/2 and PI-3K did not exert any effect on the rate
of apoptosis when neutrophils were cultured in the presence of
10% FBS but enhanced apoptosis significantly when cultured
in the presence of rat control serum. It is possible that the
inhibition of MEK1/2 or PI-3K renders the cells to a mode that
is sensitive to apoptosis, and vital factors in rat control serum,
which might not exist in the FBS, promote neutrophil apopto-
sis. It needs to be pointed out that FBS and rat serum were not

Fig. 4. Role of C5a in neutrophil apoptosis during sepsis in vivo. To assess
the role of C5a in delayed neutrophil apoptosis in sepsis, 500 �g anti-C5a IgG
was administered i.v. to rats immediately after CLP. Neutrophils were obtained
from rats 12 h after CLP and incubated at 37°C in vitro for 20 h. Neutrophil
apoptosis was then assessed to evaluate the role of anti-C5a treatment on
neutrophil apoptosis in sepsis. Data are representative of three independent
experiments. Neutrophils were pooled from four to six rats. For each vertical
bar, n � 4.
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heat-inactivated to destroy the vital factors that are important
for neutrophil apoptosis.

Neutrophil exposure to C5a leads to phosphorylation of Akt
and Bad proteins in neutrophils as well as decreased activity of
caspase-9 [14], suggesting that neutrophils undergo spontane-
ous apoptosis via a mitochondria-dependent pathway and that
this pathway can be inhibited by C5a/C5aR signaling. As
would be expected, blood neutrophils isolated from CLP rats
were more resistant to apoptotic induction after 20 h of in vitro
incubation when compared with blood neutrophils from normal
rats. When CLP rats were treated with anti-C5a, blood neutro-
phils markedly regained the ability to undergo apoptosis in
vitro (Fig. 4), suggesting that the long lifespan of neutrophils in
sepsis is attributable, at least in part, to C5a generated during
sepsis. The effects of anti-C5a treatment in vivo in restoring
susceptibility to neutrophil apoptosis in vitro were more im-
pressive than the in vitro exposure of neutrophils to C5a, which

only gave rise to a 15% protection in neutrophil apoptosis (Fig.
5), suggesting that C5a not only provides survival signals by
itself but may also affect the expression of other inflammatory
mediators, which are involved in neutrophil apoptosis. As
mentioned earlier, many other inflammatory mediators have
antiapoptotic effects on neutrophils, including G-CSF, GM-
CSF, fMLP, ATP, LTB4, IL-1�, IL-2, IL-3, IL-6, IL-8, IL-15,
and IFN-� [29]. It is well known that C5a/C5aR signaling
influences mediators of the inflammatory network. C5a stimu-
lated the synthesis and release from human neutrophils of
proinflammatory cytokines such as TNF-�, IL-�, IL-6, and
IL-8 [30, 31]. Addition of low nanometer concentrations of C5a
to HUVEC caused strong up-regulation of IL-8 and IL-1�
mRNA in a time- and dose-dependent manner [32]. Blockade
of C5a with anti-C5a in sepsis resulted in a �75% decrease in
serum levels of IL-6 [31]. In CLP-induced sepsis, we have
demonstrated that blockade of C5aR with antibodies also re-

Fig. 5. Role of C5a in neutrophil apoptosis in vitro. To investigate the
effects of C5a and LPS on neutrophil apoptosis, neutrophils from control
rats were incubated for 20 h at 37°C in the presence of C5a (50 nM), LPS
(100 ng/ml), or LPS 	 C5a. Neutrophil apoptosis was subsequently
assessed (A). The effects of C5a and LPS on phosphorylation of AKT and
p42/44 were analyzed by Western blot (B and C). Approximately 5 � 106

cells were treated with C5a, LPS, or LPS 	 C5a for 5 min, and the cells
were pelleted and lysed in 100 �l Laemmli buffer containing 5% 2-ME for
Western blot analysis. Data are representative of two to three independent
experiments with neutrophils pooled from four to six rats.
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sulted in decreased levels of IL-6 in blood compared with CLP
controls [11]. The dependency of IL-6 production on C5a
during sepsis was confirmed in C5aR-deficient mice, as IL-6
levels were significantly lower in comparison with control mice
during sepsis. More recently, it has been demonstrated that
macrophage migration inhibitory factor (MIF) is a survival
cytokine for neutrophils [33] and that C5a is a positive regu-
lator of MIF production during sepsis [18]. Conversely, in vivo
blockade of MIF airway during sepsis in mice is protective
[34]. These data suggest that C5a plays a pivotal role in the
regulation of inflammatory mediator expression and may pro-
vide survival signals indirectly for neutrophils by increasing
the concentrations of antiapoptotic inflammatory mediators in
circulation during sepsis. The fundamental question here is
whether apoptotic-resistant neutrophils are beneficial or harm-
ful in the setting of sepsis.

In the current study, we observed that septic sera strongly
inhibited neutrophil apoptosis, indicating extracellular signals
for neutrophil survival mainly derived from unknown prod-
uct(s) in septic serum. These sera were capable of activating
PI-3K/AKT and MEK pathways, which are essential for neu-
trophil survival. It is interesting that the serum from an early
time-point of 3 h CLP showed a high level of protection against
neutrophil apoptosis, implying the presence of inflammatory
mediators with antiapoptotic effects and appearing early after
induction of sepsis. Thus, resistance of neutrophils to apoptosis

is likely to be an early event, occurring in the early stages of
sepsis.

Intracellular events that lead to neutrophil apoptosis have
been studied extensively. Neutrophil apoptosis is mediated by
caspases 3, 8, and 9 [2]. The rate of neutrophil apoptosis can
be accelerated under high levels of oxidative stress. It has been
shown that death receptor clustering and subsequent activation
of caspase 8 are redox-sensitive and that high levels of oxida-
tive stress may cause genotoxic injury by triggering the P53
pathway as well as DNA damage, thereby leading to apoptosis
[35]. Involvement of caspase 9 suggests the role of mitochon-
dria in neutrophil apoptosis. Occurrence of mitochondrial
membrane depolarization in neutrophil apoptosis precedes ac-
tivation of caspases and cell membrane expression of phospha-
tidylserine [36]. Moreover, Bcl-2 family members appear to
play an important role in neutrophil survival. The antiapoptotic
molecules, BcL-2 and Bcl-xL, act in many cell types to main-
tain the mitochondrial integrity by preventing loss of mitochon-
drial membrane potential and release of proapoptotic proteins
such as cytochrome C into the cytosol, and the proapoptotic
proteins, Bax, Bak, Bad, and Bim, promote release of cyto-
chrome C, which leads to apoptosis. XIAP functions as an
antiapoptotic molecule on a different level, by blocking the
activation of caspases responsible for downstream execution of
the apoptotic cascade. The antiapoptotic action of XIAP can be
inhibited by its binding of Smac or Diablo. The Bcl-xL level in
canine neutrophils was strongly up-regulated by LPS, being
associated with resistance to apoptosis [37]. In vitro experi-
ments demonstrated that Bcl-xL expression in neutrophils was
up-regulated by C5a and LPS (Fig. 6). It is interesting that LPS
and C5a were able to induce XIAP expression, but the additive
effect was not seen with costimulation of neutrophils. Similarly,
C5a and LPS did not show any synergistic or additive effect on
neutrophil apoptosis in vitro (Fig. 5), suggesting that C5a and
LPS signalings may overlap in the protection of neutrophil
apoptosis. As would be expected, septic serum can also induce
XIAP and Bcl-xL (Fig. 6). The XIAP gene is also known to be
up-regulated in septic neutrophils [38, 39]. The XIAP/Smac/
Diablo pathway could be another mechanism that regulates
neutrophil survival in sepsis. Thus, PI-3K and MEK pathways,
as well as the XIAP/Smac/Diablo pathway and Bcl-2 family
members may function coordinately to promote neutrophil sur-
vival (Fig. 7).

In summary, the data in this study support the concept that
the survival signaling for neutrophils during sepsis derives
from the inflammatory milieu, with C5a playing an essential
role in neutrophil resistance to apoptosis during sepsis. The
PI-3K/AKT but not the ERK pathway appears to play a major
role in conferring resistance to apoptosis in neutrophils. The
intracellular molecules Bcl-xL, Bim, and XIAP may participate
in the antiapoptotic outcome in neutrophils during sepsis. In
addition, anti-C5a treatment may prevent neutrophil accumu-
lation in organs by causing a normal lifespan in neutrophils.
Thus, it is likely that an improved understanding of apoptosis
regulation will lead to new insights into sepsis development
and may also provide important knowledge for the development
of novel therapeutic strategies.

Fig. 6. Influence of C5a, LPS, and septic serum on pro- and antiapoptotic
molecules. The expression patterns of XIAP, Smac/Diablo, Bcl-xL, and BAX
were evaluated by Western blots after stimulation. Neutrophils isolated from
control rats were treated with C5a (50 nM), LPS (100 ng/ml), the combination,
or the septic serum (10%) for 4 h, and Western blot analysis was performed to
assess the levels of these proteins. Data are representative of three indepen-
dent experiments with neutrophils pooled from four to six rats.
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