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The generation of leukotrienes (LTC4, LTD4, LTE4, and LTB4; 12-epi-LTB4 isomer) from human
granulocytes by thiol-activated toxins (streptolysin 0, alveolysin from Bacillus alvei, and theta toxin from
Clostridium perfringens) is described. The release occurs under noncytolytic conditions. Although LTB4 is the
major component after calcium ionophore stimulation, more LTC4 as compared with LTB4 is released with the
toxins. The 5-lipoxygenase pathway of toxin-mediated activation can effectively be inhibited by caffeic acid, a

lipoxygenase inhibitor. The toxins also induce the release of leukotriene-metabolizing enzymes such as

y-glutamyltranspeptidase, which transfers LTC4 into LTD4, and dipeptidase, which metabolizes LTD4, into
LTE4. Dipeptidase activity is more pronounced than the -y-glutamyltranspeptidase activity but still does not
reach the levels obtained when cells were triggered with opsonized zymosan.

In the past, increasing knowledge has been obtained as to
the physiological, genetic, and biochemical mechanisms of
pathogenicity. Of great importance are the interactions of
lipopolysaccharides, pili, and bacterial exoproducts with the
host. It has been described that the sulfhydryl (SH)-
activated cytolysins, among which the prototype is
streptolysin 0 (SLO), are potent membrane-disrupting
agents of eucaryotic cells as evidenced by the morphological
damage of cytoplasmic and organelle membranes (7, 17),
inhibition of lymphocyte function, alteration of transport
processes, and release of intracellular constituents of target
cells such as erythrocytes, platelets, leukocytes, macro-
phages, and fibroblasts (2, 33). An important common fea-
ture of the toxins is the implication of free thiol groups in
their lytic activities, which are suppressed by oxidation of
thiol group reagents and restored by reduction. Another
essential property shared by the SH-activated toxins is that
their cytolytic and lethal activity are specifically and irre-
versibly inhibited by preincubation with cholesterol and
related sterols possessing a 33-OH group and aliphatic side
chain of sufficient length at carbon 17 (31). The reduced form
of the toxins binds to specific receptors, which subsequently
leads to morphological changes in the cell membrane. In
many cases, cytolysins have been shown to be accompanied
by the occurrence of circular and semicircular structures on
the target membranes. It has been suggested that membrane
damage ensued as the result of cholesterol rearrangement
and disruption of the bilayer and that the (semi-) circular
structures viewed in the electron microscope represented
complexes of the toxin with tightly bound cholesterol (3, 16,
18, 30). Bhakdi et al. (8) reported that SLO polymers gen-
erated large transmembrane channels and suggested the
classification of SLO as a member of the channel-forming
proteins. However, the actual molecular mechanisms of
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toxin action remains unclear, as does the role played by the
free thiol group(s) of the toxin molecule.

It is well established that granulocytes, upon stimulation,
generate free arachidonic acid from phospholipids which is
metabolized to three groups of derivatives, i.e., the prosta-
glandins, the thromboxanes, and the leukotrienes which are
formed by oxygenation and further transformation (W.
Konig, J. Scheffer, K. D. Bremm, J. Hacker, and W.
Goebel, Int. Arch. Allergy Appl. Immunol., in press). These
mediators which affect vascular permeability, chemotaxis of
granulocytes, and smooth muscle contraction are involved in
acute and chronic inflammatory disease processes. The
biosynthesis of leukotrienes is initiated in a lipoxygenase-
type reaction leading to 5-hydroxyperoxyeicosatetraenoic
acid (5-HPETE) (29). This product is the precursor of
5-hydroxyeicosatetraenoic acid (5-HETE) and the leukotri-
ene LTA4. LTA4 can be hydrolyzed to the chemotactic and
chemokinetic active compound LTB4 [5(S)-12(R)-dihy-
droxy-6(cis)-8,10-(trans)-14(cis)-eicosatetraenoic acid] by a
hydrolase and nonenzymatically to other dihydroxy acids,
e.g., LTB4 isomers with less potent chemotactic activity; to
these belong 5(S)-12(R)-6-trans-LTB4 and 5(S)-12(S)-12-epi-
6-trans-LTB4 (11, 27). Alternatively, LTA4 cap conjugate
with glutathione to produce LTC4 catalyzed by glutathione
S-transferase. LTC4 can be transformed to LTD4 by removal
of the -y-glutamyl moiety with the -y-glutamyltranspeptidase.
The last step in the metabolism is the cleavage of the
carboxy-terminal glycine from LTD4 to form LTE4 by LTD4
dipeptidase (22, 28).

In the past, we presented evidence that various stimuli
induce lipid chemotactic factor activity from human granu-
locytes, e.g., the calcium ionophore, the phagocytosis of
opsonized zymosan, and the interaction of the cells with
phospholipase and arachidonic acid (15, 21). Data were also
recently provided which show that bacterial endotoxins as
well as bacterial adhesion induce arachidonic acid transfor-
mation with the subsequent formation of chemotactic
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(LTB4) and spasmogenic (slow-reacting substance [LTC4,
LTD4, and LTE4]), factors. Mollby et al. (24) suggested two
different modes of membrane-damaging action by bacterial
thiol-activated hemolysins. In comparison to alveolysin and
the theta toxin, SLO proved to be 10-fold less active when
fibroblasts, as compared with erythrocytes, were used as
target cells. Furthermore, streptolysin bound to the mem-
brane at 0°C as well as 37°C but induced membrane damage
only at 37°C. Alveolysin and theta toxin were shown to be
active at both temperatures. It was the purpose of this
investigation to analyze whether the different modes of
action are reflected in leukotriene generation from human
polymorphonuclear granulocytes on stimulation with
alveolysin, SLO, and theta toxin from Clostridium perfrin-
gens. In addition, the effect of the toxins on the leukotriene-
inducing and -metabolizing enzymes was analyzed.

MATERIALS AND METHODS

Preparation of cells. Human polymorphonuclear leuko-
cytes (PMNs) were obtained from heparinized blood (300
U/ml) of healthy donors and separated on a Ficoll-metrizoate
cushion, followed by dextran sedimentation (10). The cells
were washed at 1,400 rpm (300 x g) to remove the platelets.
The erythrocytes were lysed by hypotonic exposure of the
cell suspension. This method leads to more than 97% pure
PMNs. PMNs (107/0.5 ml of buffer) were incubated with the
various toxins in the presence of CaCl2 (1 mM). Incubation
proceeded at 37°C under conditions described in the
experiments and was then stopped with 500 p.l of ice-cold
phosphate-buffered saline (PBS). Subsequently, the cells
were immediately centrifuged at 300 x g for 15 min, and the
supernatants were then placed on ice.

Reagents. ATP, NADH, Ficoll 400, lysozyme, phe-
nolphthalein glucuronidate, and caffeic acid were obtained
from Sigma, Munich, Federal Republic of Germany. Organic
solvents and acetic acid were of high analytical grade (Baker
Co., Deventer, The Netherlands). All other chemicals as
well as the silica gel plates were of analytical grade (E.
Merck AG, Darmstadt, Federal Republic of Germany).

Buffer. Cell experiments were performed in PBS which
consisted of NaCl (120 mM), Na2HPO4 (10 mM), and
KH2PO4 (3 mM). The pH of the buffer was 7.4.

Toxins. The toxins were previously activated with 20 mM
cysteine. The preparation of alveolysin and SLO has been
described by Alouf (2) and Geoffroy and Alouf (19), and that
of C. perfringens theta toxin has been described by
Thelestam and Mollby (32, 35). The samples were homoge-
neous as shown by 7.5% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis.

Analysis of leukotriene release. For analysis of leukotriene
release, the supernatant (0.5 ml) of stimulated cells were
deproteinized by the addition of 2 volumes of acidified
methanol (methanol-acetic acid [1,000:1]) overlaid with ar-

gon and placed on ice for 30 min. Subsequently, centrifuga-
tion at 1,000 x g for 15 min at 4°C was carried out to remove
the protein. The supernatant was overlaid with argon and
stored overnight at -70°C. One milliliter of acidified meth-
anol was again added, and the centrifugation step was

repeated. The supernatants were evaporated to dryness
under a stream of nitrogen and suspended in 500 pL. of
methanol-water (30:70), and 200 pL. was applied for reversed-
phase high-pressure liquid chromatography (HPLC). HPLC
analysis was performed with a Nucleosil C18 5-pLm column
(diameter, 4 by 200 mm; Macherey Nagel, Duren, Federal
Republic of Germany) with methanol-water-acetic acid

(64:36:0.08) (pH 5.9) titered with ammonia as eluent. HPLC
was performed with Consta Metric pumps I and III (Labo-
ratory Data Control [LDC], Div. Milton Roy Co., Riviera
Beach, Fla.) and the automatic sample injection module
WISP 710B (Waters Associates, Inc., Milford, Mass.). The
absorbance of the column effluent was monitored with a
variable UV detector (LDC Spectromonitor III 1204 A)
adjusted to 280 nm. The peak area or height was calculated
with an LDC computing integrator 301. The flow rate was
maintained at 1 ml/min. All solvents were degassed before
use and constantly stirred during HPLC analysis. Identifica-
tion of the leukotrienes was assessed by the determination of
the retention time and the comparison with an external
standard of synthetic leukotrienes (gift from J. Rokach,
Merck Frosst, Pointe-Claire, Canada); 12-epi-LTB4 (gift
from P. Borgeat, Quebec, Canada) revealed under the de-
scribed conditions the same retention time as did LTD4; it
was not possible to separate these peaks within one run.
With the described extraction procedure, the recovery rates
of leukotrienes from 250 pul of cell supernatants were 80 to
85% for LTC4, LTD4, and LTE4; for LTB4, 12-epi-LTB4
recovery rate was 90 to 99.5% (22). Standard curves of the
individual leukotrienes were obtained from five different
quantities (5 to 125 ng) and showed the following correla-
tions: LTC4, 0.985; LTD4, 0.995; LTE4, 0.985; and LTB4,
0.999. The detectable minimum quantities were as follows:
LTC4, 2 ng; LTD4, 2 ng; LTE4, 2 ng; and LTB4, 1 ng.
RIA for LTC4 and LTB4. In addition to HPLC analysis, all

supernatants were studied by radioimmunoassay (RIA) for
LTC4 and LTB4. A 200-tA quantity of the supernatants
suspended in 30% methanol was evaporated to dryness
under nitrogen. The material was then suspended in 100 ,ul of
Tris buffer (0.1 M) containing 0.1% gelatin (1). An appropri-
ate antiplasma dilution as well as standard LTB4, LTC4, or
unknown samples were added to tubes containing 3H-LTB4
or 3H-LTC4 in a total volume of 0.6 ml. The minimal
quantities detected were ca. 50 pg for LTC4 and ca. 20 pg for
LTB4. For the LTC4 determination, the cross-reactivity for
LTD4 was <35%, and for LTB4 and LTE4 cross-reactivity
was <2%. The RIA for LTB4 was obtained from Wellcome
Research Laboratories; the cross-reactivity against LTC4
was 2%. The sensitivity for LTB4 was ca. 10 pg. The
correlation of HPLC analysis and RIA amounted to r = 0.75
+ 0.1 for LTC4 and r = 0.74 + 0.08 for LTB4. The results
presented here are derived from HPLC analysis.

Analysis of leukotriene-inducing and -metabolizing en-
zymes. Lipoxygenase activity in toxin-stimulated cell super-
natants was analyzed as described by Koshihara et al. (23).
A 500-p.l quantity of the cell supernatant was incubated with
0.1 p.Ci of [14C]arachidonic acid (58 mM/Ci) in 0.1 ml ofPBS.
A stabilization of enzyme activity was obtained with CaCl2
(2 mM) and ATP (2 mM). For inhibition of the lipoxygenase
enzyme, caffeic acid or esculetin was added (25). Incubation
proceeded for 10 min and was stopped with 1 ml of acidi-
fied methanol. After centrifugation for 2 min in an Eppendorf
centrifuge, the supernatants were extracted twice with ether
(3 ml) and evaporated to dryness. The residue was dissolved
in 200 p.l of ether and spotted on a 250-p.m silica
gel thin-layer plate (Kieselgel 60; E. Merck AG). [14C]ara-
chidonic acid, 3H-LTB4, 3H-LTC4, 3H-LTD4, and, if no
indomethacin was used, 3H-labeled prostaglandins E2 and
F2a served as reference substances. The plates were devel-
oped once in acetyl acetate-isooctane-acetic acid-water
(55:25:10:50; organic phase). Radioactivity was detected
with an Isomess linear analyzer (Isomess, Straubenhardt,
Federal Republic of Germany). The metabolites were iden-
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TABLE 1. Leukotriene release by alveolysin, SLO, and theta tOXina
Mean leukotriene release (ng/107 PMNs) ± SD for:

PMNs incubated with: Concn (HU/ml)
LTC4 LTD4 + 12-epi-LTB4 LTB4 LTE4

Alveolysin 100 15.6 ± 2.9 4.6 ± 0.6 4.2 ± 0.8 2.1 ± 0.4
10 25.1 + 15.4 1.9 ± 0.9 3.8 ± 0.6 0.7 ± 0.2
1 11.9 + 3.4 1.1 ± 0.2 3.4 ± 0.4 0.5 ± 0.3
0.1 5.1 ± 3.0 0.7 ± 0.1 0.7 ± 0.3 0.2 ± 0.2

SLO 100 11.9 ± 9.4 2.5 ± 0.4 3.7 ± 0.7 4.2 ± 1.1
10 16.8 ± 1.5 1.8 ± 1.1 2.2 ± 1.9 0.9 ± 0.4
1 11.7 ± 1 0.8 ± 0.1 1.8 ± 1.5 0.9 ± 0.4
0.1 3.2 ± 2.2 0.7 ± 0.1 1.8 ± 1.2 0.4 ± 0.2

Theta toxin (perfringolysin) 100 14.2 ± 3.6 1.4 ± 0.6 4.7 ± 1.1 6.1 ± 2.0
10 22.0 ± 5.1 1.7 ± 0.7 4.2 ± 0.9 4.1 ± 0.7
1 12.1 ± 3.1 0.5 ± 0.1 3.6 ± 1.1 3.8 ± 0.5
0.1 10.2 ± 2.0 0.4 ± 0.1 1.8 ± 0.4 3.5 ± 0.5

PBS 1.9 0.7 0.1 0.3
a Human PMNs (10'/500 ,ul) were incubated with the various toxins activated with 20 mM cysteine. Analysis of cell-free supematants was performed by

reversed-phase HPLC. Peaks were identified by cochromatography with standards obtained from J. Rokach. The results represent mean values calculated from
five experiments. Standard deviation of an individual experiment ranged between 7 and 12%.

tified by cochromatography with reference substances. Un-
less otherwise stated, the amount of radioactive metabolites
generated is expressed as a percentage of total radioactivity
that was present in the reaction mixture 'M. Stuning, M.
Raulf, and W. Konig, Biochem. Pharmacol., in press). For
analysis of the leukotriene-transfuwming enzymes (-y-
glutamyltranspeptidase by LTC4 conversion and LTD4

TABLE 2. Release of marker enzymes by various toxins'
PMNs Concn Distribution of enzyme release (% of total)

incubated (HU/ml)
with: LDHb P-Glucuronidase Lysozyme Peroxidase

Alveolysin 100 12.4 7.2 20.8 45.2
10 6.7 4.2 8.3 4.3
1 5.0 1.9 6.9 2.1

0.1 4.0 2.3 5.8 1.0

SLO 100 26.3 28.4 9.8 41.3
10 15.2 5.7 9.7 7.9
1 5.2 4.2 6.9 2.4
0.1 4.0 3.7 5.6 1.0

Theta 100 33.0 5.2 9.7 53.2
toxin 10 9.2 3.3 9.5 12.5

1 7.1 3.0 5.7 2.0
0.1 4.2 2.1 5.6 1.0

lonophore 11.4 7.8 36.0 d
A 5.7 5.2 17.0
23187C 2.8 3.1 7.2

Buffer 1 2.0 2.9 0
control

Sonicate 100 100 100 100
PMNs (107/500 p.l) were incubated with the activated toxins for 15 min at

37C. Results represent mean values of three independent experiments and
are expressed as percentages of the sonicate. Standard deviation ranged
between 3 and 8%. Cells in the presence of buffer served as controls.

LDH, Lactate dehydrogenase.
Concentrations expressed are micromolar.

d_, Not done.

dipeptidase by LTD4 conversion), 250-,u samples of the
stimulated cell supernatants were incubated with synthetic
LTD4 for either 30 or 15 min at 37°C, respectively. The
incubation was then stopped with 2 ml of acidified methanol
and extracted as has been described. Determination of
metabolized leukotrienes was performed by HPLC. The
-y-glutamyltranspeptidase and LTD4-dipeptidase activities
were expressed by the nanogram quantities of generated
metabolites (28).

Determination of marker enzymes. Marker enzymes from
granulocytes were determined as previously described (21);
peroxidase was determined as described by Baggiolini et al.
(6); P-glucuronidase was determined as described by Avila
and Convit (5); lysozyme and lactate dehydrogenase were
determined as described by Bretz and Baggiolini (13). En-
zyme activities were calculated as a percentage of the total
enzyme activity available after sonication of unstimulated
neutrophil suspension.

Statistical analysis. The described experiments were per-
formed at least three to seven times with the cells of various
donors; the individual determinations were carried out in at
least duplicate or triplicate (experiments for dipeptidase and
lipoxygenase activities). All other data represent the mean
values of various experiments; the absolute amount of
leukotriene release as well as the enzyme activities (-y-
glutamyltranspeptidase, dipeptidase) varied from donor to
donor. However, a similar pattern was obtained; thus, the
high standard deviation is explained by the fact that mean
values are calculated from different experiments. The data
derived from the RIA represent mean values of triplicates.

RESULTS
Leukotriene release by alveolysin, SLO and theta toxin.

Human PMNs (107/500 ,ul) were incubated with various
concentrations [0.1 to 100 hemolytic units (HU) per ml] of
alveolysin, SLO, and theta toxin for 15 min at 37°C. The
stimulated cell-free supernatants were then analyzed by
reversed-phase HPLC for LTC4, LTB4, LTD4, LTE4, and
12-epi-LTB4 and by RIA for LTC4 and LTB4. Five experi-
ments were performed, and mean values were calculated
(Table 1). At a concentration of 0.1 HU of alveolysin, 5.1 ±
3.0 ng of LTC4 was released which increased to 25.1 + 5.6 ng
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at a concentration of 10 HU. At higher concentrations, a

decrease was observed. With SLO and theta toxin, a similar
pattern became apparent. The amount of LTC4 released
proved to be optimal at concentrations of 10 HU for the
various toxins and decreased with higher concentrations.
Maximal LTB4 activity was obtained with 100 HU of either
toxin. In general, at the optimal stimulatory concentrations
LTB4 levels were approximately three- to fivefold less as

compared with LTC4 levels. With theta toxin, significant
amounts of LTE4 were released from the cells, ranging from
6.1 ± 2.0 to 3.5 ± 0.5 ng. In contrast, alveolysin and SLO
demonstrated the highest LTE4 levels at 100 HU of the
toxins.
The analysis of enzyme release (cytosol and granular)

shows that only at 100 HU do toxins induce a clear elevation
of lactate dehydrogenase (Table 2). Kinetic experiments
were then carried out with SLO and alveolysin. The release
pattern was compared with ionophore-stimulated cells (Fig.
1A to C). With alveolysin (10 HU/ml), an optimal release of
LTC4 is observed after 15 min of incubation which declined
rapidly after 20 min. As has been observed in the above-
described dose-response experiments, the amount of LTB4,
LTD4, 12-epi-LTB4, and LTE4 was far less as compared with
LTC4. At later times of incubation, LTE4 levels increased
steadily. A similar pattern was obtained when SLO-
stimulated cell supernatants were analyzed. Again, LTC4
release exceeded that of the other leukotrienes and revealed
a sharp increase followed by a steady decline after 20 min.
LTE4 levels revealed a plateau over time. These kinetics are
in contrast to those observed with the calcium ionophore A

10

5

5 10 15 20 30 60
FIG. 1. Human PMNs were stimulated with alveolysin (10

HU/ml) (A), SLO (10 HU/ml) (B), or the calcium ionophore A 23187
(5.7 ,uM) (C) over time. The extracted supernatants were then
analyzed by reversed-phase HPLC for LTC4, LTB4, LTE4, and
LTD4, which revealed the same retention time as 12-epi-LTB4, the
nonenzymatically biosynthesized LTB4 isomer. The results repre-
sent mean values obtained from experiments with the cells of four
different donors.

23187 (5.7 ,uM). A maximal response for LTB4 with ca. 230
ng was obtained after 20 to 25 min of incubation. The amount
of LTB4 exceeded that of LTC4 after 5 and 20 min by eight-
and sixfold, respectively. In comparison to the alveolysin-
induced LTC4 release at the optimal time point, about
fivefold more LTC4 was generated from human PMNs by the
calcium ionophore A 23187.

Effect of thiol-activated toxins on the release of leukotriene-
inducing (5-lipoxygenase) and -metabolizing (,y-glutamyl-
transpeptidase, dipeptidase) enzymes from human PMNs.
Experiments were performed to analyze the release of
leukotriene-inducing (5-lipoxygenase) and -metabolizing (-y-
glutamyltranspeptidase and dipeptidase) enzymes within the
stimulated supernatant of human PMNs (Fig. 2A). Human
PMNs (107/500 ,ul) were incubated with bacterial toxins at
various concentrations. The supernatants were then incu-
bated for 10 min at 37°C with 0.1 ,uCi of [14C]arachidonic acid
(1.6 nM) in the presence of CaC12 and ATP. The superna-
tants were deproteinized and analyzed by thin-layer chro-
matography. In general, the amount of metabolized arachi-
donic acid increased at higher concentrations of the toxins.
This pattern correlated with the formation of 5-HETE and
5-HPETE. Caffeic acid, an inhibitor of the 5-lipoxygenase
pathway, inhibited the formation of 5-HPETE by more than
50%. In the experiments described (Fig. 2A), granulocytes
were preincubated with caffeic acid (10-6 M) before the cells
were stimulated with the toxins. Figure 2A illustrates the
results of the experiment with SLO. With higher concentra-
tions of caffeic acid (10-4 M) as well as esculetin (10-4 M),
complete inhibition was obtained (data not shown). Experi-
ments were then carried out to analyze the metabolizing
activity of supernatants collected from cells after various
lengths of toxin treatment. It became apparent that all toxins
metabolized arachidonic acid to a high degree after only 1
min of incubation, as is demonstrated for SLO (Fig. 2B).
Optimal formation of 5-HETE and 5-HPETE was obtained
with the supernatants from cells after 15 to 20 min of
stimulation.

It has been established that PMNs stimulated with the
calcium ionophore or opsonized zymosan release -y-
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glutamyltranspeptidase and dipeptidase activity into the
supernatant which transforms LTC4 into LTD4 and LTD4
into LTE4 (28). Experiments were then performed with
toxin-stimulated PMNs. Cells (107/500 RI) were incubated
with 1 HU of SLO, alveolysin, or theta toxin (data not
shown). At various times, the supernatant of stimulated cells
was obtained. Synthetic LTC4 (80 ng) was added, and
incubation proceeded for 60 min at 37°C. -y-Glutamyltrans-
peptidase enzyme activity was quantitated by turnover stud-
ies with synthetic LTC4. It became apparent that almost no

LTD4 was generated; the main metabolite which appeared

upon incubation was LTE4. Maximal activity was obtained
with stimulated cell supernatants after 10 min of incubation.
Of the 80 ng of LTC4 added to the cell supernatant, only 4

to 6 ng of LTC4 was metabolized at toxin concentrations of
14 HU. No further increase was observed with prolonged
incubation. In dose-response studies (Table 3), major y-
glutamyltranspeptidase activity was obtained with 10 HU of
alveolysin (17.5%), 10 HU of SLO (10.1%), and with 33 to
16.5 HU of theta toxin. The fact that only minute amounts of
LTD4 were generated and that LTE4 appeared in the super-
natant suggested that cell-free supernatants of stimulated
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TABLE 3. Dose-response studies of y-glutamyltranspeptidase
release"

Amt (ng) of:
PMNs incubated Concn

with: (HU/ml) Remaining LTE4
LTC4

Alveolysin 125 77.0 3.0
62.5 74.8 5.2
10 66.0 7.0
1 72.0 6.0
0.1 80.0 0

SLO 10 72.4 7.6
5 74.0 6.0
1 73.7 5.3
0.5 77.6 2.4
0.1 75.7 1.7

Thetatoxin 165 74.1 5.9
33 71.9 8.1
16.5 72.8 7.2
10 73.0 1.0
3.3 74.7 2.3
1.0 75.8 4.2
0.1 80.0 0

PBS 80 0

" Human PMNs were incubated with the various toxins at various concen-
trations for 15 min at 37°C. The cell-free supernatant was then incubated with
synthetic LTC4 (80 ng) for 60 min at 37°C. The conversion to LTD4 and LTE4
was analyzed by reversed-phase HPLC. Standard deviation ranged between 6
and 10%.

cells also contained a potent dipeptidase which rapidly
transformed the generated LTD4 into LTE4. To prove this
assumption, human granulocytes (107/500 ,ul) were stimu-
lated with various concentrations of the toxins for 15 min at
37°C. Synthetic LTD4 (75 ng) was added to the cell-free
supernatants, and the conversion of LTD4 into LTE4 was
analyzed after 60 min of incubation (Table 4). The
dipeptidase activity analyzed from the supernatant was more
active as compared with the -y-glutamyltranspeptidase activ-
ity. Of 75 ng of synthetic LTD4 incubated with the cell
supernatants, SLO at concentrations from 0.1 to 10 HU
generated 20.1 ± 4.8 to 40.4 ± 4.1 ng of LTE4; the alveolysin
at concentrations from 0.1 to 10 HU generated ca. 28.2 ± 6.1
to 53.7 ± 3.9 ng of LTE4; theta toxin at concentrations from
0.1 to 165 HU generated about 28.6 ± 4.3 to 60.4 ± 2.4 ng of
LTE4. A cell sonicate generated 69.6 ng of LTE4 from 75 ng
of LTD4. Kinetic studies with SLO (1 HU), alveolysin (0.1
HU), and theta toxin (0.1 HU) emphasized that the major
activity was released from granulocytes after 15 to 20 min of
incubation. Previously, it has been observed that granulo-
cytes in the presence of PBS released enzyme activity into
the supernatant which steadily increased over time (28). The
toxin-induced release however, far exceeded the control
values.

DISCUSSION
Our data clearly demonstrate that the three SH-activated

toxins lead to leukotriene generation from human PMNs.
The leukotriene-inducing enzyme (5-lipoxygenase) as well as
leukotriene-metabolizing enzymes which transform LTC4
into LTD4 as well as LTD4 into LTE4 were also detected. It
is well established that the various stimuli differ in their
ability to induce the release of leukotrienes as well as
metabolize enzymes (12, 26, 28). Since leukotrienes are
potent mediators of inflammation which induce vascular

permeability, chemotaxis, and smooth muscle contraction,
an important role for these mediators in acute and chronic
inflammatory processes has been suggested. The release
occurs under noncytolytic concentrations as was assessed
by the determination of lactate dehydrogenase in the stimu-
lated-cell supernatants. SLO and theta toxins at concentra-
tions of 100 HU showed a clear elevation of lactate dehy-
drogenase release above the background control. With
higher concentrations of the toxins (above 100 HU), even a
decrease in leukotriene release was obtained, indicating a
metabolization of these compounds (data not shown). Our
observation raises the question whether toxins at non- or
sublytic concentrations lead to cell activation before the
process of irreversible cell death. Indeed Hirayama et al.
(20) recently analyzed the cytotoxic action of leukocidin
from Pseudomonas aeruginosa. The destruction of rabbit
leukocytes by the toxin was reduced in the absence of Ca2+
and stimulated by the addition of calcium ionophore A
23187. Their studies with regard to the labeling and break-
down of phospholipids indicated that the initial action of the
toxin was to stimulate phosphatidic acid production, pre-
sumably causing a rapid metabolic change of phosphatidyl-
inositol correlating with the activities of phosphatidylinosi-
tol-specific phospholipase C and 1,2-diacylglycerol kinase.
They also could detect and confirm arachidonic acid release
from rabbit leukocyte membrane treated with leukocidin.
From our studies, it appears that the toxins induce cells
activation with leukotriene release before cell death. The
leukotriene release is strictly dependent on exogenous cal-
cium as was recently demonstrated for the calcium
ionophore and opsonized zymosan as stimuli (28). Alouf et
al. (4) described the interaction of bacterial SH-activated
cytolytic toxins with monomolecular films of phos-
phatidylcholine and various sterols as a model for studying
toxin-induced membrane disruption. The overall potency of

TABLE 4. Toxin-induced release of LTD4 dipeptidase activity'

PMNs Concn Amt (ng) of:
incubated (HU/ml) Remaining LTE

with: LTD4

SLO 10 34.6 ± 4.1 40.4 ± 4.1
5 38.4 + 4.4 36.6 ± 4.4
1 59.2 ± 9.3 15.8 ± 9.3
0.5 57.7 ± 1 17.3 ± 1
0.1 54.9 ± 4.8 20.1 ± 4.8

Alveolysin 10 21.3 ± 3.9 53.7 ± 3.9
1 18.6 ± 2.4 56.4 ± 2.4
0.1 46.8 ± 6.1 28.2 ± 6.1

Theta toxin 165 14.6 ± 2.4 60.4 ± 2.4
33 23.0 ± 4.8 52.0 ± 4.8
16.5 34.9 ± 5.1 40.1 + 5.1
3.3 31.9 ± 4.0 43.1 ± 4.0
1 31.8 ± 3.4 43.2 ± 3.4
0.1 46.4 ± 4.4 28.6 ± 4.3

PBS 72 3

Sonicate 5.4 69.6

aPMNs (107/500 ,ul) were incubated with various concentrations of the
toxins. Synthetic LTD4 (75 ng) was added to the cell-free supernatants, and
the conversion to LTE4 was analyzed. Results represent mean values of
triplicates obtained from the cells of one donor. A similar pattern was
observed with the cells of four different donors.
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the four toxins tested was SLO > alveolysin =
perfringolysin 0 > pneumolysin. When alveolysin, SLO,
and theta toxin were analyzed at various concentrations, it
appeared that theta toxin at 0.1 HU is more active as
compared with SLO and alveolysin. This also holds true
when LTE4 levels were analyzed.

It is well established that among human PMNs, the major
source for LTB4 is the neutrophil after stimulation with the
calcium ionophore. Lower amounts of LTB4 were obtained
after incubation with serum-treated zymosan, and undetect-
able amounts were obtained when cells were treated with
N-formyl-methionyl-leucyl-phenylalanine (26). Borgeat et
al. (9) recently described that eosinophil-rich human PMNs
from patients with hypereosinophilia characteristically re-
lease LTC4 upon ionophore challenge. Our cell preparations
contained about 95 ± 3% neutrophils and 1 to 3% eosino-
phils. At present, no precise data are available as to the
contribution of the low amounts of eosinophils to LTC4
release. The interaction of SH-activated toxins with cells
leads to a rapid release of 5-lipoxygenase activity as was
demonstrated by the generation of 5-HETE and 5-HPETE
upon the addition of exogeneous arachidonic acid to cell-free
stimulated supernatants. The release of arachidonic acid was
rapidly converted to subsequent metabolites as is indicated
by the formation of 5-HETE and 5-HPETE. The addition of
caffeic acid or esculetin (data not shown), both of which are
inhibitors of the lipoxygenase pathway, significantly reduced
the generation of the lipoxygenase products. In previous
studies, we demonstrated that, in the course of phagocyto-
sis, stimulated PMNs as well as the release of leukotrienes
release -y-glutamyltranspeptidase and dipeptidase activities.
By subcellular fractionation it became evident that -y-
glutamyltranspeptidase is associated with the granular and
microsomal fractions and that the dipeptidase was correlated
with the specific granules (14). It is apparent from our results
that the supernatant of toxin-stimulated cells is able to
metabolize exogeneously added LTC4 as well as LTD4 into
LTE4, thus indicating the release of those enzymes.
Only minute amounts of LTD4 were detected in these

experiments. Conversely, the addition of exogeneous syn-
thetic LTD4 to the stimulated cell supernatants induced a
transformation into LTE4 by 21, 74.2, and 57.6% when either
1 HU of SLO, alveolysin, or theta toxin were used as
stimuli. From these data, it appears that alveolysin is signif-
icantly more active in inducing the release of dipeptidase
activity from human PMNs.
We recently demonstrated that cells stimulated with

opsonized zymosan induced the release of y-glutamyltrans-
peptidase and dipeptidase activity. It became evident that
under experimental conditions similar to those described
above, exogeneously added LTC4 (80 ng) was metabolized
by ca. 100%, and LTD4 was metabolized by about 88% (28).
These data support the notion that, unlike the toxin stimu-
lated neutrophil, the phagocytic stimulus in addition to the
release of leukotrienes has the capacity to release large
amounts of leukotriene-metabolizing enzymes. It thus ap-
pears that phagocytosis is more likely to protect the
microenvironment from the effect of inflammatory media-
tors. In contrast, toxin stimulation of neutrophils is more
likely to damage the microenvironment by inducing
leukotriene release which is badly metabolized.

Recently, evidence has been presented as to two different
modes of membrane-damaging action by bacterial thiol-
activated toxins. Among the properties in common, similar
morphological effects and leakage patterns were noted.
Distinct similarities include the effect of thiol-activated tox-

ins on fibroblast membranes. Compared with the other two
hemolysins, SLO was about 10 times less active on fibro-
blasts in relation to erythrocytes. SLO inhibited the uptake
of AIB to a low extent, while both theta-toxin and alveolysin
drastically inhibited ox-aminoisobutyric acid uptake at con-
centrations causing almost no release of the nucleotide
marker (24). Our experiments do stress the similarities of the
toxins as to their capacity to release leukotrienes. In contrast
to the above-mentioned studies, the biochemical processes
described here occur at early times of toxin cell interaction
and mostly show a maximum of leukotriene release after 5 to
15 min of incubation. As to the release of dipeptidase
activity, it appears that alveolysin is more potent than the
two other toxins.
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