Sulfite Induces Release of Lipid Mediators by Alveolar Macrophages*
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Air pollutants are supposed to modulate physiological responses of alveolar macrophages
(AM). This study was addressed to the question whether at neutral pH sulfur(IV) species in
comparison to sulfur(VI) species cause AM to release proinflammatory mediators and which
pathways are involved in their generation. Supernatants obtained from canine AM treated
with sulfite (0.1 mm to 2 mm) enhanced the respiratory burst of canine neutrophils, measured
by lucigenin-dependent chemiluminescence, whereas supernatants derived from AM treated
with sulfate (1 mm) did not. The neutrophil-stimulating activity released by sulfite-treated
AM consisted of platelet-activating factor (PAF) and leukotriene B, (LTB,) as shown by
desensitization of the corresponding receptors. Inhibitors of phospholipase A, substantially
suppressed release of neutrophil-stimulating activity by sulfite-treated AM. Inhibition of 5-
lipoxygenase in sulfite-treated AM also reduced neutrophil-stimulating activity, while inhibi-
tion of cyclooxygenase had no effect. In conclusion, sulfite induces AM to release lipid medi-
ators via phospholipase A,- and 5-lipoxygenase-dependent pathways. These mediators acti-

vate neutrophils via the receptors for PAF and LTB,.

Introduction

Sulfur dioxide is a fairly ubiquitous air pollutant
which forms sulfite when adsorbed to water drop-
lets. Sulfur dioxide and sulfite are known inducers
of bronchoconstriction (Balmes et al. 1987; Fine
etal., 1987; Gong et al., 1995). We have recently
shown that long-term exposure of dogs to a neut-
ral sulfite aerosol representing high ambient levels
of sulfur dioxide (corresponding to 0.2 ppm sulfur
dioxide) induced moderate inflammatory reac-
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tions in the lungs (Maier et al, 1992). Reactions
included an altered permeability of the alveolar-
capillary membrane for proteins, an increased re-
lease of the lysosomal enzyme [-N-acetylgluco-
saminidase as well as an increase in the number of
neutrophils (PMN), lymphocytes and eosinophils
in the epithelial lining fluid (Maier et al, 1992).
These alterations are assumed to be triggered by
inflammatory mediators including lipid mediators
(Evans et al.,, 1987; O’Donnell and Barnett, 1987;
Hayashi er al.,, 1991; Pinckard et al., 1992; DeLima
et al., 1995; Longphre and Kleeberger, 1995). Al-
veolar macrophages (AM) play an important role
as part of the primary pulmonary defense system
releasing such mediators. However, the mecha-
nisms of interaction between 4-valent sulfur spe-
cies (sulfur dioxide, sulfite) and cellular compo-
nents of the lungs remain undefined.

Our previous in vitro studies on the interaction
of sulfite with cells and tissues indicated adverse
effects on energy metabolism dependent on the
level of sulfite oxidase activity which detoxifies
sulfite by oxidation to sulfate (Beck-Speier et al.,
1985). We have further demonstrated that sulfite
modulates the oxidative metabolism of human
PMN which are endowed with a very low level of
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the sulfite-detoxifying enzyme (Beck-Speier et al.,
1993; Beck-Speier et al., 1994; Mishra et al., 1995).
AM and other phagocytic cells exhibit low sulfite
oxidase levels, and therefore have a relatively low
protective capacity against sulfite (Beck-Speier
et al.,, 1985). Recently we have found that AM re-
lease a PMN-stimulating activity with a PAF-like
character upon treatment with sulfite (Beck-
Speier et al., in press).

To extend our previous studies we investigated
the effect of sulfite on the release and generation
of proinflammatory mediators by AM which mod-
ulate PMN functions. Freshly isolated AM were
treated with sulfite and for comparison with sul-
fate, and the resulting supernatants containing pu-
tative mediators were analyzed for their ability to
stimulate the respiratory burst of PMN. Mecha-
nisms of mediator release were studied by inhibit-
ing several pathways of lipid metabolism in AM.

Materials and Methods
Materials

Phorbol 12-myristate 13-acetate (PMA), luci-
genin, leukotriene B, (LTB,), complement factor
S5a (CS5a), and quinacrine were purchased from
Sigma (Deisenhofen, Germany); PBS buffer with
or without Ca?>*/Mg?* was from Biochrome (Ber-
lin, Germany); Polymorphprep was from Ny-
comed (Oslo, Norway); carrier-free human in-
terleukin 8 (IL-8) was from Biermann (Bad
Nauheim, Germany); platelet-activating factor
(PAF), cytochalasin B, AACOCF;, OBAA, and
MK 886 were from Calbiochem-Novabiochem
(Bad Soden, Germany); indomethacin was from
LC Laboratories/Alexis Deutschland (Griinberg,
Germany).

Isolation of alveolar macrophages

Canine AM were obtained by bronchoalveolar
lavage of healthy beagles according to Maier et al.
(1992). After bronchoalveolar lavage the cells
were obtained by centrifugation (400 x g for
20 min) and resuspension in PBS-buffer (without
Ca**/Mg?*). Viability was more than 95% as de-
termined by trypan blue exclusion. Cells were
characterized by microscopic examination after
May Griinwald Giemsa staining of cytospin prepa-
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rations. 85 to 90% of the cells were identified as
AM.

Isolation of neutrophils

Canine PMN were isolated from citrate-antico-
agulated venous blood of healthy beagles by den-
sity-gradient centrifugation with Polymorphprep.
Blood (5ml) was layered over Polymorphprep
(5 ml) diluted with 1.5% (w/v) NaCl to a density
of 1.106 g/ml. After centrifugation at 450 x g for
30 min PMN were separated from lymphocytes
and monocytes. PMN suspension was washed once
with Ca?*- and Mg?* -free PBS buffer and contam-
inating erythrocytes were removed by hypotonic
lysis according to Beck-Speier er al. (1988). The
pure population of PMN was resuspended in PBS-
buffer (without Ca®*/Mg>*) containing 0.1% glu-
cose, and viability was more than 95% as deter-
mined by trypan blue exclusion. Human PMN
were obtained from citrate-anticoagulated venous
blood of healthy donors by density-gradient cen-
trifugation with Polymorphprep according to
Mishra et al. (1995).

Incubation of alveolar macrophages with sulfite
or sulfate

Canine AM (1 x 10°ml) were incubated for
30 min at 37 °C in the absence (control) and pres-
ence of sulfite (0.1-2.0 mm) or sulfate (1 mm),
respectively, in PBS buffer, pH 7, containing 0.1%
glucose. Sulfite solutions, pH 7, were freshly pre-
pared by dissolving sodium sulfite in PBS bulffer,
pH 7, containing 0.1% glucose, and by readjusting
the pH value to pH7 with HCL (Mishra et al.
(1995)). Sulfate solutions, pH 7, were prepared by
dissolving sodium sulfate in the same buffer as sul-
fite. After centrifugation at 400 x g for 10 min the
supernatants were dialyzed against PBS-buffer in
a dialysis tubing with a molecular weight cut-off
of 500 Da (Roth, Karlsruhe, Germany) for 20 h to
remove residual sulfite or sulfate, respectively. The
elimination of the concentration of sulfite by this
dialysis membrane was more than 97%, that of
PAF less than 5% and that of LTB, less than 25%.

CL-measurements of neutrophils with alveolar
macrophage-derived supernatants

The supernatants obtained from incubations of
AM with sulfite or sulfate were assayed for their
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ability to stimulate the respiratory burst of PMN
by measuring lucigenin-dependent CL (Allen,
1981; Allen, 1982; Allen, 1986; Gyllenhammar,
1987). PMN (1.5 x 10*) were preincubated in
0.25 ml PBS buffer, pH 7, containing 0.1% glucose
and 0.8 mM lucigenin for 10 min at 37 °C in a six-
channel Biolumat LB9505 (Berthold, Wildbad,
Germany). CL measurements were started, the
AM-derived supernatants (50 ul) were added, and
CL signals of PMN were recorded for 20 min. Im-
mediately afterwards PMN were stimulated by
PMA (50 ng), and CL was measured again for
20 min at 37 °C using the Biolumat analyzer. Each
AM-derived supernatant of an individual canine
donor was analyzed at least in duplicate with
PMN.

Desensitization of neutrophil receptors

Desensitization of PMN receptors was achieved
by preincubation of human PMN (1 x 10° cells/
0.25 ml PBS-buffer) with PAF (1 x 107° m), LTB,
(1 x 1077 m), IL-8 (0.5 ug/ml) or C53a (1 x 107° m),
respectively, for 10 min at 37 °C in the Biolumat.
Cytochalasin B (4 x 107° M) was added and cells
were incubated for further 5 min. CL measure-
ments were started, AM-derived supernatants
were added, and CL response of PMN was re-
corded for 10 min at 37 °C. Because PAF, LTB,,
IL-8 and C5a are weak elicitors of the respiratory
burst, CL-measurements were performed in the
presence of cytochalasin B (4 x 10-% m) (Honey-
cutt and Niedel, 1986) with 1 x 10> PMN/0.25 ml
PBS-buffer.

Inhibition of phospholipase A,

To study inhibition of phospholipase A,
(PLA,)-dependent pathways, canine AM were
treated with several inhibitors of PLA,, AA-
COCF; (1 x 10-* m) (Bartoli er al., 1994), quina-
crine (1 x 10~* m) (Tsunawaki and Nathan, 1986)
or OBAA (1 x 1073 m) (Kohler et al, 1992),
respectively, for 25 min at 37 °C prior to incuba-
tion with 1 mwm sulfite. The resulting supernatants
were dialyzed and analyzed for their ability to
stimulate the respiratory burst of PMN.

Inhibition of 5-lipoxygenase and cyclooxygenase

To investigate inhibition of 5-lipoxygenase (5-
LO)- and cyclooxygenase (COX)-dependent path-
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ways, canine AM were preincubated for 20 min at
37 °C with MK 886 (1 x 107° M), an inhibitor of
5-LO (Rouzer et al., 1990), or with indomethacin
(1 x 107° ™), an inhibitor of COX (Shams et al.,
1989), followed by incubation with sulfite for
30 min at 37 °C. The resulting supernatants were
dialyzed and estimated for their ability to activate
the respiratory burst of PMN.

Statistical analysis

Statistical significance was determined by analy-
sis of variance and two-sample t-test (STAT-SAK,
Version 2.12 by G. E. Dallal, 1986). Changes with
p = 0.05 were considered significant.

Results

Release of a neutrophil-stimulating activity by
sulfite-treated alveolar macrophages in comparison
to sulfate-treated alveolar macrophages

To compare the effect of sulfite on the secretion
of mediators by AM with that of sulfate, canine
AM were incubated with sulfite or sulfate, respec-
tively. Control AM were treated simultaneously.
The resulting supernatants were analyzed for their
ability to stimulate the respiratory burst of canine
PMN by lucigenin-dependent CL measuring su-
peroxide anion production (Allen, 1981; Allen,
1982; Allen, 1986; Gyllenhammar, 1987).

As seen in Fig. 1, supernatants (conditioned su-
pernatant) of sulfite-treated canine AM signifi-
cantly increased CL of resting and PMA-stim-
ulated canine PMN as compared to supernatants
of control AM. The PMN-stimulating activity was
dependent on the sulfite concentration used for
AM treatment showing the strongest response
with 1 mwm sulfite. In contrast, supernatants of AM
treated with sulfate (1 mm) did not increase CL-
response of resting or PMA-stimulated canine
PMN compared to control supernatant. These
findings indicate that sulfite specifically induces
AM to release an activity that stimulates the respi-
ratory burst of PMN. Since the strongest response
was obtained with 1 mw sulfite, this sulfite concen-
tration was used in subsequent experiments.

Characterization of neutrophil-stimulating activity
by desensitization of neutrophil receptors

To identify the mediators of the PMN-stimulat-
ing activity, PMN receptors for PAF, LTB,, IL-8



I. Beck-Speier et al. - Sulfite-Induced Lipid Mediators

800

(9) %

700 -resting PMN

71 pma-stimulated PMN

600 [~

500

400
3)

300

200

% Chemiluminescence of PMN

100

0

Supernatant
of: Control AM Sulfate-
treated AM

1.0mM

Sulfite-treated AM

0.1mM 05mM 10mM 2.0mM

Fig. 1. Comparison of the effects of supernatants derived
from sulfite-treated, sulfate-treated and control alveolar
macrophages on the respiratory burst of neutrophils.
Supernatants of canine AM were incubated in PBS
buffer, pH 7, in the absence (control) and presence of
sulfite (0.1 mm — 2 mm) or sulfate (1 mm), respectively,
and analyzed for their ability to stimulate the respiratory
burst activity of canine PMN by measuring CL. CL was
recorded following incubation of PMN with AM-derived
supernatants and subsequent stimulation with PMA (for
details see Materials and Methods). Values (means *
SEM) are given as percentages of CL-response of rest-
ing PMN incubated with control supernatant corre-
sponding to 1.804 + 0.240 x 10° CL-counts integrated
during 20 min in 1.5 x 10* cells (n=10). Numbers in pa-
rentheses represent the number of experiments with
AM-derived supernatants of different dogs. Asterisk in-
dicates a significant difference by p = 0.05 (*) or p =
0.001 (**) between CL of PMN incubated with control
supernatant or supernatant of sulfite-treated AM.

or C5a were desensitized with their corresponding
agonists. The addition of supernatant of sulfite-
treated AM should then result in a decreased CL-
response when the target receptor for the PMN-
stimulating activity is identical with one of the ag-
onists. Since supernatants of sulfite-treated AM
activated not only canine but also human PMN
(Beck-Speier et al, in press), these studies were
performed with human PMN which in addition
showed a stronger response to IL-8, LTB, or C5a
than canine PMN. The optimal concentrations of
PAF, LTB,, IL-8 and C5a for desensitization of
their corresponding receptors were determined in
separate experiments (data not shown). Fig.?2
shows that the PMN-stimulating activity was
strongly reduced when the cells had been preincu-
bated with PAF or LTB,, whereas preincubation
with IL-8 or C5a did not affect the stimulating ac-
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Fig. 2. Desensitization of neutrophil receptors for PAF,
LTB,, IL-8, and C5a with supernatant of sulfite-treated
canine alveolar macrophages.

Human PMN were desensitized with PAF, LTB,, IL-8,
or C5a, subsequently incubated with supernatant of sul-
fite-treated canine AM, and analyzed for respiratory
burst activity by measuring CL. Values (mean = SEM)
are given as percentages of CL-response of resting PMN
incubated with control supernatant corresponding to
1.288 + 0.154 x 10° CL-counts integrated during 10 min
in 1 x 10° cells (n=9). Numbers in parentheses represent
the number of experiments with AM-derived superna-
tants of different dogs. Asterisk indicates a significant
difference by p = 0.05 (*) or p = 0.001 (**) between CL
of PMN incubated with supernatant of sulfite-treated
AM without or with desensitizing pretreatment of PMN
with PAF or LTB,.

tivity. This suggests that the PMN-stimulating ac-
tivity interacts with the PAF receptor and the
LTB, receptor during activation of PMN.

Effect of phospholipase A, 5-lipoxygenase and
cyclooxygenase on the release of the
neutrophil-stimulating activity

Since the PMN-stimulating activity seems to
contain lipid mediators such as PAF and LTB,, the
activity should be reduced by inhibition of PLA,
which is involved in the biosynthesis of both
mediators. We used three inhibitors of PLA,,
AACOCEF; (Bartoli et al.,, 1994), quinacrine (Tsu-
nawaki and Nathan, 1986) and OBAA (Kohler
etal, 1992), respectively. AM were pretreated
with either one of these PLA, inhibitors prior to
incubation with sulfite. As demonstrated in Fig. 3,
inhibition of PLA, in sulfite-treated AM signifi-
cantly reduced the release of the PMN-stimulating
activity. This indicates that the PMN-stimulating
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Fig. 3. Effect of phospholipase A, inhibitors AACOCFs;,
quinacrine and OBAA, on release of neutrophil-stimu-
lating activity.

Canine AM were preincubated with AACOCF;
(1 x 10~* m), quinacrine (1 x 107* m) and OBAA
(1 x 1073 M), and subsequently incubated with sulfite.
The resulting supernatants were analyzed for ability to
activate respiratory burst activity of canine PMN by
measuring CL. Values (mean + SEM) are given as per-
centages of CL-response of resting PMN incubated with
control supernatant corresponding to 1.546 + 0.247 x 10°
CL-counts integrated during 20 min in 1.5 x 10* cells (n=
9). Numbers in parentheses represent the number of ex-
periments with AM-derived supernatants of different
dogs. Asterisk indicates a significant difference by p =
0.05 (*) or p = 0.001 (**) between CL of PMN with
supernatant of sulfite-treated AM incubated in the ab-
sence or presence of PLA, inhibitors.

activity  is
pathways.

PLA, hydrolyzes phospholipids to lyso-phos-
pholipids and arachidonate, which is further me-
tabolized to leukotrienes by 5-LO, prostaglandins
by COX and other metabolites of arachidonic acid
(Denzlinger, 1996; Holtzman, 1991). To study
which pathway is involved in the generation of the
PMN-stimulating activity, prior to incubation of
AM with sulfite 5-LO was inhibited by MK 886
(Rouzer et al, 1990) and COX was inhibited by
indomethacin (Shams et al., 1989) in separate ex-
periments. As shown in Fig. 4, inhibition of 5-LO
by MK 886 in sulfite-treated AM resulted in a sig-
nificant reduction of the PMN-stimulating activity,
whereas inhibition of COX showed no effect. This
indicates that part of the PMN-stimulating activity
is generated via 5-LO-dependent pathways.

generated by PLA,-dependent
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Fig. 4. Effect of 5-lipoxygenase inhibitor MK 886 and
cyclooxygenase inhibitor indomethacin on release of
neutrophil-stimulating activity.

Canine AM were preincubated with MK 886 (1 x 107° m)
or indomethacin (1 x 107° m) respectively, and subse-
quently incubated with sulfite. The resulting superna-
tants were analyzed for ability to activate respiratory
burst activity of canine PMN by measuring CL. Values
(mean = SEM) are given as percentages of CL-response
of resting PMN incubated with control supernatant cor-
responding to 1.910 + 0.203 x 10° CL-counts integrated
during 20 min in 1.5 x 10* cells (7=6). Numbers in paren-
theses represent the number of experiments with AM-
derived supernatants of different dogs. Asterisk indi-
cates a significant difference by p = 0.05 (*) between
CL of PMN with supernatant of sulfite-treated AM incu-
bated in the absence or presence of MK 886.

Indomethacin

Discussion

PAF and LTB, are potent lipid mediators in-
volved in a number of pathophysiological reac-
tions. In inflammatory reactions PAF is mainly
synthesized by the remodeling pathway (Snyder,
1995). This pathway results in generation of lyso-
PAF through action of PLA, on phosphatidylcho-
line. Lyso-PAF is converted to PAF by acetyl-
CoA:lyso-PAF acetyltransferase. When lyso-PAF
is produced from phosphatidylcholine species con-
taining arachidonic acid at the sn-2 position, the
arachidonic acid released is available for leukot-
riene synthesis (Ramesha and Pickett, 1986; Suga
et al., 1990). Arachidonic acid is converted to leu-
kotriene A4 (LTA,) by 5-LO acting together with
S-lipoxygenase-activating protein (Denzlinger,
1996; Abramovitz et al, 1993). LTA, can be me-
tabolized to LTB, by LTA, hydrolase or to the
cysteinyl leukotrienes by leukotriene C4 (LTC,)
synthase (Denzlinger, 1996; Minami et al., 1990).
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LTB, is the major leukotriene product of rat and
human AM (Lee and Lane, 1992). Recently Sham-
suddin et al. (1995) showed that PAF and leukot-
rienes can be regulated differently in rat AM.

Our present study shows that, in contrast to sul-
fate, sulfite induces AM to release an activity
which modulates PMN function by stimulating the
respiratory burst indicating that the release of a
PMN-stimulating activity is specific for sulfite
(Fig. 1). Desensitization of PMN receptors showed
that the PMN-stimulating activity elicits the respi-
ratory burst of PMN via receptors for PAF and
LTB, (Fig.2). These data provide indirect evi-
dence that the two mediators secreted by sulfite-
treated AM are identical to PAF and LTB,. The
existence of PAF in the PMN-stimulating activity
was confirmed by PAF antagonists and by the
PAF-like CL-kinetic of the PMN-stimulating activ-
ity after extraction of apolar lipids (Beck-Speier et
al, in press). Our studies with inhibitors of PLA,
and 5-LO support the conclusion about the release
of PAF and LTB, induced by sulfite. Among the
inhibitors of the PLA, pathway, OBAA was most
efficient in suppressing PMN-stimulating activity
by more than 90% (Fig.3). Inhibition of PLA,
downregulates both the remodeling pathway for
PAF and arachidonic acid metabolism. Looking
downstream the arachidonic acid pathway, inhibi-
tion of 5-LO by MK 886 diminished the PMN-
stimulating activity in the conditioned supernatant
by about 60% (Fig. 4). This finding confirms that
the formation of leukotrienes is not exclusively re-
sponsible for the activation of PMN, and suggests
the presence of a second mediator in the superna-
tant of sulfite-treated AM which does not derive
from a 5-LO metabolite but which appears to be
identical with PAF.

Since sulfite unlike sulfate is able to activate the
respiratory burst of PMN even at very low concen-
trations (Beck-Speier et al, 1994), the superna-
tants of sulfite-treated AM being tested with PMN
were dialyzed against PBS buffer in a dialysis
membrane with a molecular weight cut-off of 500
Da to remove sulfite. The dialysis eliminated the
concentration of sulfite by more than 97%, and
reduced that of PAF by less than 5% and that of
LTB, by less than 25%.

The respiratory burst activity of PMN was deter-
mined by superoxide dismutase-inhibitable luci-
genin-dependent CL which is generated by reduc-
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tive dioxygenation of lucigenin by superoxide
anions (Allen, 1981; Allen, 1982; Allen, 1986; Gyl-
lenhammar, 1987). Recently it was shown that luc-
igenin itself can reduce oxygen to superoxide an-
ion in the presence of NADH/NADPH and
reducing enzyme systems (Liochev and Fridovich,
1997; Vasquez-Vivar et al., 1997). However, these
in-vitro studies have not yet been proofed with
cellular systems. The stimulation of PMN by PMA
leads to an activation of NADPH oxidase which
produces superoxide anions (Bellavite, 1988). This
correlates with a strong increase of lucigenin-de-
pendent CL compared to the CL-level of resting
control cells measured prior to addition of PMA
into the assay system (Beck-Speier er al., 1993).
PMN of patients with chronic granulomatous dis-
ease having genetic defects in their NADPH oxi-
dase system cannot produce superoxide anions
(Curnutte and Babior, 1987; Dinauer et al., 1987;
Volpp et al,, 1988). Since the PMN of these pa-
tients show no increase in lucigenin-dependent CL
during activation by PMA in contrast to normal
PMN (Beck-Speier et al., 1993), we conclude that
lucigenin only detects superoxide anions produced
by PMN. Prevention of NAPDH oxidase activa-
tion in PMN by inhibitors of protein kinase C com-
pletely abolished lucigenin-dependent CL which
confirms that lucigenin can be used as a probe for
detecting cell-related superoxide anion release in
our system (data not shown). Therefore, although
lucigenin produces superoxide anions in in-vitro
systems we suggest that the lucigenin-dependent
CL can be used as a differential measurement for
NADPH oxidase activity by comparing the CL-
levels of resting and activated cells.

PAF has been reported to be an effective media-
tor in triggering an increase in the alveolar-capil-
lary permeability (Evans et al, 1987; O’Donnell
and Barnett, 1987; DeLima et al., 1995; Longphre
and Kleeberger, 1995). Recent findings have
shown that PAF induces the transcription of vas-
cular endothelial growth factor in vascular smooth
muscle cells which increases vascular permeability
in-vivo (Nauck et al., 1997). In addition, PAF is
also known as a potent mediator for the secretion
of lysosomal enzymes (Hayashi et al.,, 1991; Pinck-
ard et al, 1992). LTB, is a potent chemotactic
agent for PMN and is involved in the induction of
PMN-endothelial cell adhesion (Henderson, 1994;
Palmblad and Lerner, 1992). It is also involved in
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increased vascular permeability (Bjork ez al., 1982)
and in PMN degranulation (Denzlinger, 1996).
There is also evidence that PAF and LTB, interact
in mediating their effects (Denzlinger, 1996).
Chronic exposure of dogs to a neutral sulfite
aerosol alters the alveolar-capillary permeability
as well as the lysosomal enzyme secretion as as-
sessed by determination of the content of protein
and albumin and the extracellular activity of 3-N-
acetyl-glucosaminidase in the bronchoalveolar la-
vage fluid (Maier et al., 1992). Both capillary per-
meability and lysosomal enzyme secretion signifi-
cantly increased in the second half of the exposure
period of one year. The data from the present in-
vitro study suggest that PAF and LTB, released by
sulfite-treated AM may significantly contribute to
the altered permeability and the increased release
of lysosomal enzyme activity during exposure of
dogs to a neutral sulfite aerosol. The concentration
of particulate sulfite in our in-vivo study corres-
ponds to sulfur dioxide levels occurring during
smog episodes (0.2 ppm). In our in-vitro model 0.5
to 2 mu sulfite were required to stimulate AM for
the release of mediators. These concentrations are
high but may be of biological relevance. Associa-
tion of the 4-valent sulfur with particles favors ele-
vated deposition in the lung periphery, while gas-
eous sulfur dioxide is predominantly adsorbed in
the upper airways. Studies with a rat model have

Abramovitz M., Wong E., Cox M. E., Richardson C. D.,
Li C. and Vickers P. J. (1993), 5-Lipoxygenase-activa-
ting protein stimulates the utilization of arachidonic
acid by 5-lipoxygenase. Eur. J. Biochem. 215, 105-
111.

Allen R. C. (1981), Lucigenin chemiluminescence: a new
approach to the study of polymorphonuclear leuko-
cyte redox activity. In: Bioluminescence and Chemilu-
minescence: Basic Chemistry and Analytical Applica-
tions (DeLuca M. A. and McElroy W. D., eds), New
York, Academic Press, pp. 63-73.

Allen R. C. (1982), Biochemiexcitation: chemilumines-
cence and the study of biological oxygenation reac-
tions. In: Chemical and Biological Generation of Ex-
cited States (Adam W. and Cilento G., eds), New
York, Academic Press, pp. 310-344.

Allen R. C. (1986), Phagocytic leukocyte oxygenation
activities and chemiluminescence: a kinetic approach
to analysis. Methods Enzymol. 133, 449-493.

Balmes J. R.. Fine J. M. and Sheppard D. (1987), Symp-
tomatic bronchoconstriction after short-term inhala-
tion of sulfur dioxide. Am. Rev. Respir. Dis. 136,
1117-1121.

I. Beck-Speier et al. - Sulfite-Induced Lipid Mediators

shown that inorganic particles are preferentially
deposited in the alveolar duct bifurcations (War-
heit et al., 1984; Osornio-Vargas et al., 1991). From
our in-vivo study with neutral sulfite and acidic
sulfate aerosols we have indirect evidence that sul-
fur-related particles are enriched in this lung com-
partment indicated by epithelial type II cell prolif-
eration in the alveolar ducts (Takenaka et al.,
1996). Accumulation of these particles in the alve-
olar ducts might result in high local concentrations
of sulfur-related compounds. In addition, the local
concentration of sulfite is dependent on the activ-
ity of the sulfite-detoxifying enzyme sulfite oxi-
dase present in tissues or cells at the sites of par-
ticle deposition. Lung tissue as well as AM have
very low activities of sulfite oxidase and are there-
fore sensitive to sulfite toxicity (Beck-Speier et
al., 1985).

In summarizing the results from our in-vivo and
in-vitro studies, we suppose that inhalation of sul-
fur dioxide/sulfite-aerosols can activate AM to re-
lease lipid mediators thus contributing to initiation
or amplification of inflammatory responses in the
lungs.

Acknowledgements

We wish to thank Dr. Axel Ziesenis for canine
bronchoalveolar lavage, Terry Ford for technical
support in isolating canine PMN.

Bartoli F., Lin H. K. Ghomashchi F., Gelb M. H., Jain
M. K. and Apitz-Castro R. (1994), Tight binding in-
hibitors of 85-kDa phospholipase A2 but not 14-kDa
phospholipase A, inhibit release of free arachidonate
in thrombin-stimulated human platelets. J. Biol.
Chem. 269, 15625-15630.

Beck-Speier 1., Hinze H. and Holzer H. (1985), Effect
of sulfite on the energy metabolism of mammalian tis-
sues in correlation to sulfite oxidase activity. Biochim.
Biophys. Acta 841, 81-89.

Beck-Speier I.. Leuschel L., Luippold G. and Maier
K. L. (1988), Proteins released from stimulated neu-
trophils contain very high levels of oxidized methio-
nine. FEBS Letters 227, 1-4.

Beck-Speier I., Liese J. G., Belohradsky B. H. and Godl-
eski J. J. (1993), Sulfite stimulates NADPH oxidase of
human neutrophils to produce active oxygen radicals
via protein kinase C and Ca’*-calmodulin pathways.
Free Radic. Biol. Med. 14, 661 -668.

Beck-Speier I.. Lenz A. G. and Godleski J. J. (1994), Re-
sponses of human neutrophils to sulfite. J. Toxicol.
Env. Health 41, 285-297.



I. Beck-Speier et al. - Sulfite-Induced Lipid Mediators

Beck-Speier 1., Dayal N. and Maier K. L. (1998), Proin-
flammatory responses of alveolar macrophages in-
duced by sulphite: Studies with lucigenin-dependent
chemiluminescence. J. Biolumin. Chemilumin., in
press.

Bellavite P. (1988), The superoxide-forming enzymatic
system of phagocytes. Free Radic. Biol. Med. 4,
225-307.

Bjork J., Hedqvist P. and Arfors K. E. (1982), Increase
in vascular permeability induced by leukotriene By,
and the role of polymorphonuclear leukocytes. In-
flammation 6, 189-200.

Curnutte J. T. and Babior B. M. (1987), Chronic granulo-
matous disease. Adv. Hum. Genet. 16, 229-297.

DeLima W. T., Kwasniewski F. H., Sirois P. and Jancar
S. (1995), Studies on the mechanism of PAF-induced
vasopermeability in rat lungs. Prostag. Leukotr. Ess.
52, 245-249.

Denzlinger C. (1996), Biology and pathophysiology of
leukotrienes. Crit. Rev. Oncol. Hemat. 23, 167-223.
Dinauer M. C., Orkin S. H., Brown R., Jesaitis A. J. and
Parkos C. A. (1987), The glycoprotein encoded by the
X-linked chronic granulomatous disease locus is a
component of the neutrophil cytochrome b complex.

Nature 327, 717-720.

Evans T. W., Chung K. F., Rogers D. F. and Barnes P. J.
(1987), Effect of platelet-activating factor on airway
vascular permeability: possible mechanisms. J. Appl.
Physiol. 63, 479-484.

Fine J. M., Gordon T. and Sheppard D. (1987), The role
of pH and ionic species in sulfur dioxide- and sulfite-
induced bronchoconstriction. Am. Rev. Respir. Dis.
136, 1122-1126.

Gong H., Lachenbruch P. A., Harber P. and Linn W. S.
(1995), Comparative short-term health responses to
sulfur dioxide exposure and other common stresses in
a panel of asthmatics. Toxicol. Ind. Health 11, 467—
487.

Gyllenhammar H. (1987), Lucigenin chemiluminescence
in the assessment of neutrophils superoxide pro-
duction. J. Immunol. Methods 97, 209-213.

Hayashi H., Kudo I., Nojima S. and Inoue K. (1991),
Biological response of guinea pig peritoneal macro-
phages to platelet-activating factor. Lipids 12, 1193 -
1199.

Henderson W. R. (1994), The role of leukotrienes in in-
flammation. Ann. Intern. Med. 121, 684 -697.

Holtzman M. J. (1991), Arachidonic acid metabolism:
Implications of biological chemistry for lung function
and disease. Am. Rev. Respir. Dis. 143, 188-203.

Honeycutt P.J. and Niedel J. E. (1986), Cytochalasin B
enhancement of the diacylglycerol response in formyl
peptide-stimulated neutrophils. J. Biol. Chem. 261,
15900-15905.

Kohler T., Heinisch M., Kirchner M., Peinhardt G.,
Hirschelmann R. and Nuhn P. (1992), Phospholipase
A, inhibition by alkylbenzoylacrylic acids. Biochem.
Pharmacol. 44, 805-813.

Lee T. H. and Lane S. J. (1992), The role of macrophages
in the mechanisms of airway inflammation in asthma.
Am. Rev. Respir. Dis. 145, S27-S30.

Liovech S. I. and Fridovich I. (1997), Lucigenin (bis-N-
methylacridinium) as a mediator of superoxide anion
production. Arch. Biochem. Biophys. 337, 115-120.

271

Longphre M. and Kleeberger S. R. (1995), Susceptibility
to platelet-activating factor-induced airway hyper-
reactivity and hyperpermeability: Interstrain variation
and genetic control. Am. J. Respir. Cell Mol. Biol. 13,
586—594.

Maier K., Beck-Speier 1., Dayal N., Heilmann P., Hinze
H., Lenz A. G., Leuschel L., Matejkova E., Miaskow-
ski U. and Heyder J. (1992), Early responses of the
canine respiratory tract following long-term exposure
to a sulfur(IV) aerosol at low concentrations: II. bio-
chemistry and cell biology of lung lavage fluid. Inhal.
Toxicol. 4, 175-195.

Minami M., Ohishi N., Mutoh H., Izumi T., Bito H.,
Wada H., Seyama Y., Toh H. and Shimizu T. (1990),
Leukotriene A, hydrolase is a zinc-containing amino-
peptidase. Biochem. Biophys. Res. Commun. 173,
620-626.

Mishra A., Dayal N. and Beck-Speier 1. (1995), Effect
of sulphite on the oxidative metabolism of human
neutrophils: Studies with lucigenin- and luminol-de-
pendent chemiluminescence. J. Biolumin. Chemi-
lumin. 10, 9-19.

Nauck M., Roth M., Tamm M., Eickelberg O., Wieland
H., Stulz P, and Perruchoud A. P. (1997), Induction of
vascular endothelial growth factor by platelet-activa-
ting factor and platelet-derived growth factor is down-
regulated by corticosteroids. Am. J. Respir. Cell Mol.
Biol. 16, 398-406.

O’Donnell S. R. and Barnett C. J. K. (1987), Microvascu-
lar leakage to platelet activating factor in guinea-pig
trachea and bronchi. Europ. J. Pharmacol. 138, 385-
396.

Osornio-Vargas A. R., Hernandez-Rodriguez N. A., Ya-
nez-Buruel A. G., Ussler W., Overby L. H. and Brody
A.R. (1991), Lung cell toxicity experimentally in-
duced by a mixed dust from Mexicali, Baja California,
Mexico. Environ. Res. 56, 31-47.

Palmblad J. E. and Lerner R. (1992), Leukotriene B4-
induced hyperadhesiveness of endothelial cells for
neutrophils: relation to CD 54. Clin. Exp. Immunol.
90, 300-304.

Pinckard R. N., Showell H. J., Castillo R., Lear C., Bres-
low R., McManus L. M., Woodard D. S. and Ludwig
J. C. (1992), Differential responsiveness of human
neutrophils to the autocrine actions of 1-O-alkyl-ho-
mologs and 1l-acyl analogs of platelet-activating
factor. J. Immunol. 148, 3528 -3535.

Ramesha C. S. and Pickett W. C. (1986), Platelet-activa-
ting factor and leukotriene biosynthesis is inhibited in
polymorphonuclear leukocytes depleted of arachi-
donic acid. J. Biol. Chem. 261, 7592-7595.

Rouzer C. A., Ford-Hutchinson A.W., Morton H.E.
and Gillard J. W. (1990), MK886, a potent and specific
leukotriene biosynthesis inhibitor blocks and reverses
the membrane association of 5-lipoxygenase in iono-
phore-challenged leukocytes. J. Biol. Chem. 265,
1436-1442.

Shams H., Schulz H., Mohr M., Kobayashi H., Mesch U.,
Das A., Scheid P. and Piiper J. (1989), Cyclooxygenase
inhibition and effects of hypoxia on pulmonary circu-
lation and gas exchange in anesthetized dogs. Respir.
Physiol. 7, 39-50.



272

Shamsuddin M., Anderson J. and Smith L. J. (1995), Dif-
ferential regulation of leukotriene and platelet-activa-
ting factor synthesis in rat alveolar macrophages. Am.
J. Respir. Cell Mol. Biol. 12, 697-704.

Suga K., Kawasaki T., Blank M. L. and Snyder F. (1990),
An arachidonoyl (polyenoic)-specific phospholipase
A, activity regulates the synthesis of platelet-activa-
ting factor in granulocytic HL-60 cells. J. Biol. Chem.
265, 12363-12371.

Snyder F. (1995), Platelet-activating factor and its ana-
logs: metabolic pathways and related intracellular
processes. Biochim. Biophys. Acta 1254, 231-249.

Takenaka S., Heini A., Karg E., Ritter B., Ziesenis A.
and Heyder J. (1996), Proliferative changes in the
proximal regions of beagle dogs after long-term expo-
sition to acidic sulfate and sulfite aerosols. Am. J. Re-
spir. Crit. Care Med. 153, A481.

I. Beck-Speier et al. - Sulfite-Induced Lipid Mediators

Tsunawaki S. and Nathan C. F. (1986), Release of arachi-
donate and reduction of oxygen. J. Biol. Chem. 261,
11563-11570.

Vasquez-Vivar J., Hogg N., Kirkwood A., Pritchard J.,
Martasek P. and Kalyanaraman B. (1997). Superoxide
anion formation from lucigenin: an electron spin reso-
nance spin-trapping study. FEBS Letters 403, 127-
130.

Volpp B. D., Nauseef W. M. and Clark R. A. (1988), Two
cytosolic neutrophil oxidase components absent in au-
tosomal chronic granulomatous disease. Science 242,
1295-1297.

Warheit D. B., Chang L. Y., Hill L. H., Hook G.E. R,
Crapo J. D. and Brody A. R. (1984), Pulmonary mac-
rophage accumulation and asbestos-induced lesions at
sites of fiber deposition. Am. Rev. Respir. Dis. 129,
301-310.



