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ABSTRACT: When injected into animals, leukotoxin (Lx) causes acute lung injury
which is associated with neutrophils infiltrating the lung tissues. However, the effect of
Lx on neutrophils is still unknown, and recently it has been reported that Lx diol, a
hydrolyzed metabolite, should be more potent than Lx in vitro. In this study, the
authors examined the effect of Lx and its diol on human neutrophils by assessing their
chemotactic response, expression of adhesion molecules, and production of peroxides.

Both Lx and its diol induced chemotaxis in human neutrophils via an involvement
of pertussis toxin-sensitive G-proteins, but they did not influence the expression of
adhesion molecules or the production of peroxides. Furthermore, Lx synergistically
affected chemotaxis with N-formyl-methionyl-leucyl-phenylalanine (fMLP), but not
with endothelin-1.

Neutrophil chemotaxis induced by both Lx and its diol was inhibited by phos-
phatidylinositol-3-kinase (PI3-K) inhibitors, but not by protein tyrosine kinase (PTK)
inhibitors or by protein kinase C (PKC) inhibitors, whereas fMLP-induced chemo-
taxis was inhibited by PTK inhibitors, but not by PI3-K inhibitors or by PKC
inhibitors. These results suggest that neutrophil chemotaxis induced by both Lx and
its diol involves pathways different from those induced by fMLP.

In conclusion, both leukotoxin and its diol metabolite induce chemotaxis in human
neutrophils in a unique way and may act as important bioactive lipids when con-
sidering the pathological mechanism of acute lung injury.
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Leukotoxin (Lx), a linoleate epoxide which is synthe-
sized by neutrophils [1], appears in the bronchoalveolar
lavage fluid (BALF) of patients with acute respiratory
distress syndrome (ARDS) and causes acute lung injury
when injected into rats [1]. However, the mechanisms of
Lx-induced lung injury are still unclear. It has been
reported previously [2±4] that Lx causes oedematous lung
injury, which is inhibited by either nitric oxide synthase
(NOS) inhibitors or superoxide dismutase in isolated per-
fused rat lungs, and that Lx augments superoxide anion
(O2

.-] production by human pulmonary artery endothelial
cells [15]. Polymorphonuclear neutrophils (PMNs) infil-
trating the perivascular lesions and alveoli were observed
after an intravenous injection of Lx in rats [6].

Neutrophils are now viewed as a critical factor in acute
lung injury and studying the mechanisms by which they
are involved is very important for a better understanding of
this condition [7]. It was hypothesized that Lx may ac-
tivate neutrophils, and that these activated neutrophils and
neutrophil-derived oxygen radical species participate in
Lx-induced lung injury. In the present study, the hypo-
thesis was tested by assessing Lx chemotactic response,
the expression of adhesion molecules, and the production
of peroxides in neutrophils. Additionally, the signal trans-
duction pathways involved in these effects of neutrophils
treated with Lx were examined, and the study tested
whether Lx acted synergistically with other chemoattrac-
tants.

Recently, MOGHADDAM et al. [8] reported that Lx should
be regarded as a protoxin corresponding to the more toxic
diol. Therefore the current study also examined the effect
of Lx diol on the function of neutrophils using the same
methods as for Lx.

Materials and methods

Isolation of human polymorphonuclear neutrophils

Human blood was collected in heparinized syringes
from healthy adults. PMNs were isolated by Ficoll-Hy-
paque (Sigma, St Louis, MO, USA) centrifugation [9]. The
cells were washed with Hank's balanced salt solution
(HBSS), resuspended in HBSS, and adjusted to a concen-
tration of 2 6106 cells.mL-1. Cell viability was tested by
a Trypan blue dye exclusion test and >90% were found to
be alive.

Chemotaxis chamber assay

The effect of Lx (Cayman, Ann Arbor, MI, USA) or its
diol (a gift from B.D. Hammock, University of California,
Davis, CA, USA) on chemotaxis was measured by util-
izing a chemotaxis chamber (Neuro Probe, Cabin John,
MD, USA) [10]. The lower well was filled with 150 mL of
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chemoattractant or HBSS and covered with a polyvinyl-
pyrrolidone (PVP)-free polycarbonate filter (pore diamet-
er, 3 mM; Neuro Probe). One hundred microlitres of PMN
suspension was added to each upper well. For the chemo-
taxis assay, either Lx (10-9±10-5 M), Lx diol (10-10±10-5

M), or N-formyl-methionyl-leucyl-phenylalanine (fMLP)
(Peninsula, Belmont, CA, USA) as a positive control, or
HBSS as a negative control, was added to each lower
well. For the chemokinesis assay, the agents were added
to both the upper well, which contained the PMN
suspension, and the lower well. After incubation for 45
min at 378C, the filter was removed and the cells re-
maining on the upper surface of the filter were gently
wiped off with a Filter wiper (Neuro Probe). The cells
retained on the filter were fixed and stained with Diff-
Quik (International Reagents, Kobe, Japan). The number
of cells having migrated was counted at five different
filter sites using a 6100 objective lens by means of light-
microscopy.

Assay of adhesion molecules and peroxides

The surface expression grade of the adhesion molecules
(CD11b and CD18) was determined by flow cytometry. The
PMN suspensions were incubated either with Lx (10-8±10-5

M), Lx diol (10-8±10-5 M), or fMLP (10-7 M) as a positive
control, or with HBSS as a negative control, for 30 min. To
the cells were added either fluorescein isothiocyanate
(FITC)-labelled CD11b or CD18 monoclonal antibody
(Coulter, Tokyo, Japan) on ice, and then incubated for 45
min in the dark. The cells were washed with phos-phate-
buffered saline (PBS) without Ca2+ or Mg2+, fixed with
0.5%paraformaldehyde, and thenanalysedbyan EPICS XL
flowcytometer (Coulter). The production of peroxides was
also determined by flow cytometry [11]. After incubation
with either Lx (l0-8±10-5 M), Lx diol (10-8± 10-5 M), or
fMLP (10-7 M) as a positive control, or HBSS as a nega-
tive control, the PMN suspensions were added to 10 mL
of 5 mM 2,7-dichlorofluorescin diacetate (DCFH-DA)
(Eastman Kodak, Rochester, NY, USA) and then incuba-
ted for 30 min at 378C. The cells were washed with Ca2+

and Mg2+-free PBS, fixed with 0.5% paraformaldehyde,
and then analysed by the flowcytometer.

Studies with inhibitors and evaluation of synergism
with other chemoattractants

In the chemotaxis chamber assay, the following inhib-
itors were used to study the chemotaxis signal transduction
pathway. Before treating the PMNs with or without Lx, its
diol, or fMLP, they were incubated with inhibitors under
the following conditions: pertussis toxin (Sigma) (0.1±20
mg.mL-1, 60 min, 378C); Herbimycin A (Sigma) (1±10
mg.mL-1, 60 min, 378C); Erbstatin (Funakoshi, Tokyo,
Japan) (1±15 mg.mL-1, 60 min, 378C); H-7 (Sigma) (5±50
mM, 10 min, 378C); Calphostin C (Sigma) (1±1000 nM, 10
min, 378C) [10]; Wortmannin (Sigma) (10±200 nM, 15
min, 378C); and LY294002 (Sigma) (1±10 mM, 10 min,
378C) [12].

In the chemotaxis chamber assay, NG-mono-methyl-L-
arginine (L-NMMA) (Calbiochem, La Jolla, CA, USA), a
NOS inhibitor, was used to examine whether endogenous

NO affects the neutrophil chemotaxis induced by Lx. Be-
fore treating PMNs with Lx (10-6 M), PMNs were incu-
bated with L-NMMA (200 mM±1 mM) for 40 min at 378C.

To assess possible synergism with other chemoattrac-
tants, the lower well of the chemotaxis chamber was filled
with a combination of Lx (10-8 M) and either fMLP (10-8

M) or endothelin-l (ET-1) (Peptide Institute, Osaka, Japan)
(10-9 M) at their respective threshold concentrations. These
two chemoattractants were used since fMLP is a well-
known chemoattractant and ET-1 synergistically works
with Lx to promote oedematous lung injury in isolated
perfused rat lungs [13, 14].

Statistics

Data are presented as mean�SEM with n values repre-
senting the number of different experiments. Differences
between groups were tested by a Student's paired t-test.
Differences were considered significant when p<0.05.

Results

Lx at 10-7±10-6 M significantly induced chemotaxis in a
dose-dependent manner (fig. 1a). The chemotactic effect
of Lx was maximal at a concentration of 10-6 M. Lx diol
at 10-9±10-7 M also induced significant chemotaxis (fig.
1b). The chemotactic effect of Lx diol was maximal at a
concentration of 10-8 M and showed a classic bell-shaped
curve. Interestingly, Lx diol was ~100 times more potent
than Lx in terms of the chemotaxis of PMNs. Both Lx and
its diol slightly induced chemokinesis (fig. 1). The con-
centration of the substances used did not affect cell vi-
ability during the experiments.

fMLP induced both the expression of the adhesion mol-
ecules (CD11b and CD18) and production of the peroxides
(table 1). However, neither Lx nor its diol induced the
expression of adhesion molecules or the production of
peroxides (table 1).

Chemotaxis induced by Lx, its diol, or fMLP was in-
hibited by pertussis toxin (fig. 2). The inhibition was more
potent in the former two than in the latter one and more
susceptible to a low dose of pertussis toxin in Lx than its
diol, suggesting that both Lx and its diol induce chemo-
taxis via a pertussis toxin-sensitive G-protein [15]. Both
Lx and its diol-induced chemotaxis were inhibited by the
phosphatidylinositol-3-kinase (PI3-K) inhibitors, Wort-
mannin and LY294002 [12] (fig. 3a), but not by the
protein kinase C (PKC) inhibitors, Calphostin C or H-7
[10] (fig. 3b), nor by the protein tyrosine kinase (PTK)
inhibitors, Herbimycin A or Erbstatin (fig. 3c). fMLP-
induced chemotaxis was inhibited by the PTK inhibitors,
but not by the PI3-K inhibitors or PKC inhibitors (fig. 3).

Neutrophil chemotaxis induced by Lx (10-6 M) was not
inhibited by L-NMMA (200 mM±1 mM) (data not shown).

The combination of Lx (10-8 M) and fMLP (10-8 M), at
their respective threshold concentrations, significantly in-
duced chemotaxis (fig. 4). However, the combination of
Lx (10-8 M) and ET-1 (10-9 M) did not induce chemo-
taxis.
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Discussion

Though neutrophils are now viewed as a critical factor
in acute lung injury [7], there have been no reports ex-
amining the effect of Lx on neutrophil functions. In this
study, it was found that Lx and its diol (with more
potency than the latter) caused neutrophil chemotaxis, via
a pathway involving a G-protein, and slight chemokin-
esis, but neither induced expression of adhesion mole-
cules or production of peroxides. In keeping with a
previous report that a large amount of Lx accompanied
with many neutrophils was observed in BALF of patients
with ARDS [1], and that neutrophils infiltrated into the
perivascular lesions and alveoli after an intravenous injec-
tion of Lx in rats [6], it was considered that Lx-induced
neutrophil chemotaxis plays a role in the mechanism of
neutrophil recruitment to lung tissues in acute lung injury.
Furthermore, the combination of Lx and fMLP, at their
respective threshold concentrations, significantly induced
chemotaxis. Thus, Lx may synergistically take a role with
other chemoattractants in the recruitment of neutrophils.

Recently, it was reported that Lx diol, a hydrolyzed
metabolite [16], was more toxic than Lx in vitro [8, 17].
The present study indicates that Lx diol induces chemo-
taxis at 100-fold lower concentrations (10-9±10-7 M) than
Lx, thus confirming the higher potency of Lx diol [8, 17].
However, because a 45 min exposure time is too short for
Lx to be transformed into Lx diol [8], the current results
also indicate that Lx, per se, is capable of inducing che-

motaxis in neutrophils at pathophysiological concentra-
tions. Furthermore, because the Lx employed in the
current study contained no trace amount of Lx diol, it is
suggested that both Lx and its diol may act cooperatively
in acute lung injury.

Signal transduction pathways different from those acti-
vated by fMLP have been reported in neutrophil migration
[10, 12, 15, 18, 19]. Therefore, the authors analysed the
signal transduction pathways involved in the chemotaxis of
neutrophils treated with Lx or its diol by using the in-
hibitors of G-protein, PKC, PTK, and PI3-K.

Chemotaxis induced by Lx or its diol was inhibited by
pertussis toxin, suggesting that pertussis toxin sensitive G-
proteins, which have been reported to be important for
neutrophil migration induced by fMLP, are also involved
in the chemotaxis of neutrophils induced by both Lx and its
diol [10, 15]. The current results showing that fMLP-
induced chemotaxis is inhibited by PTK inhibitors, but
not by PKC inhibitors or PI3-K inhibitors, confirmed pre-
vious studies [10, 18, 19]. However, the finding that both
Lx and its diol-induced neutrophil chemotaxis are in-
hibited by PI3-K inhibitors, but not by PTK or PKC
inhibitors, suggests that chemotaxis of human neutrophils

Table 1. ± Effect of leukotoxin (Lx) and Lx diol on the
induction of adhesion molecules and peroxide production
in human polymorphonuclear neutrophils

Conc. CD11b CD18 Peroxide

Vehicle 100.0 100.0 100.0
Lx 10-6 M 93.7�5.2 101.7�6.0 74.3�15.1

10-8 M 101.1�3.6 101.6�6.1 94.1�9.5
Lx diol 10-6 M 105.6�7.2 103.2�4.1 91.2�11.5

10-8 M 109.1�4.6 103.2�3.6 96.9�9.4
fMLP 10-7 M 167.0�16.1* 150.9�7.6* 254.5�28.5*

Data are expressed as percentage of control and represent mean�
SEM. (n=5). *: p<0.01 versus vehicle. Conc.: concentration.
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Fig. 2. ± Effect of pertussis toxin on leukotoxin (Lx), Lx diol, or
N-formyl-methionyl-leucyl-phenylalanine (fMLP)-induced chemotaxis.
Data are expressed as percentage of control without pertussis toxin and
represent mean�SEM. (n=5). *: p<0.05; **: p<0.01; ***: p<0.001, versus
vehicle. h : Lx; p : Lx diol; r : fMLP.
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Fig. 1. ± Effect of leukotoxin (Lx) (a), Lx diol (b), or N-formyl-methionyl-leucyl-phenylalanine (fMLP) (a and b) on chemotaxis and chemokinesis. Data
are expressed as percentage of control and represent mean�SEM. (n=5). *: p<0.05; **: p<0.01, versus vehicle. p : chemotaxis; h : chemokinesis.
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induced by both Lx and its diol involve a pathway that
differs from that activated by fMLP. This difference may
be the reason that Lx and its diol did not induce an ex-
pression of adhesion molecules nor the induction of
peroxides in the neutrophils, unlike fMLP.

In conclusion, both leukotoxin and its diol metabolite
induce chemotaxis of human neutrophils in a unique way
and may act as important bioactive lipids when considering
the pathological mechanism of acute lung injury.
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Fig. 3. ± Effect of inhibitors on the chemotaxis induced by leukotoxin
(Lx), Lx diol, or N-formyl-methionyl-leucyl-phenylalanine (fMLP). a)
phosphatidylinositol-3-kinase (PI3K)-inhibitors, Wortmannin or LY294-
002; b) protein kinase C (PKC)-inhibitors, Calphostin C or H-7; c)
protein tyrosine kinase (PTK)-inhibitors, Herbimycin A or Erbstatin.
Data are expressed as percentage of control without inhibitors and
represent mean�SEM. (n=5). *: p<0.05; **: p<0.01; ***: p<0.001, versus
vehicle. h : Lx; p : Lx diol; r : fMLP.
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Fig. 4. ± Effect of vehicle, leukotoxin (Lx) (10-8 M), endothelin-1 (ET-
1) (10-9 M), ET-1 (10-8 M), fMLP (10-8 M), Lx (10-8 M) + ET-1 (10-9

M), or Lx (10-8 M) + fMLP (10-8 M) on chemotaxis. Data are expressed
as percentage of control and represent mean�SEM. (n=5). *: p<0.01 ver-
sus vehicle.
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