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Anti-inflammatory, membrane-stabilizing interactions of
salmeterol with human neutrophils in vitro
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1 We have investigated the effects of salmeterol (0.3-50 yM) on several pro-inflammatory activities of
human neutrophils in vitro.
2 Oxidant production by FMLP- and calcium ionophore (A23187)-activated neutrophils was

particularly sensitive to inhibition by low concentrations (0.3-3 IIM) of salmeterol, while the responses

of phorbol myristate acetate- and opsonised zymosan-stimulated cells were affected only by higher
concentrations (3-50 yM) of the drug. At these concentrations salmeterol is not cytotoxic, nor does it
act as a scavenger of superoxide.
3 These anti-oxidative interactions of salmeterol with neutrophils were insensitive to propranolol but
could be eliminated by washing the cells, or by pretreatment with low concentrations (1-2 uM) of the
pro-oxidative, membrane-destabilizing phospholipids, lysophosphatidylcholine (LPC), platelet activating
factor (PAF) and lysoPAF (LPAF).
4 At concentrations of 6.25-50 yM salmeterol interfered with several other activities of stimulated
neutrophils, including intracellular calcium fluxes, phospholipase A2 activity and synthesis of PAF.
5 In an assay of membrane-stabilizing activity, salmeterol (25 and 50 Mm) neutralized the haemolytic
action of LPC, PAF and LPAF.
6 Of the other commonly used /32-adrenoceptor agonists, fenoterol, and formoterol, but not
salbutamol, caused moderate inhibition of neutrophil oxidant generation by a superoxide-scavenging
mechanism. However, unlike salmeterol, these agents possessed only weak membrane stabilizing
properties.
7 We conclude that salmeterol antagonizes the pro-inflammatory, pro-oxidative activity of several
bioactive lipids implicated in the pathogenesis of bronchial asthma, by a mechanism related to the
membrane-stabilizing, rather than to the f2-agonist properties of this agent.
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Introduction Methods

The commonly-used short- and long-acting 132-adrenoceptor
agonists possess anti-inflammatory activities some of which are
consequent to their interactions with /2-adrenoceptors on
vascular endothelium, respiratory epithelium and mast cells
(Fugner, 1989; Erjefalt & Persson, 1991; Advenier et al., 1992;
Whelan et al., 1993; Kanthakumar et al., 1994). These agents,
particularly the long-acting f32-agonists, formoterol and sal-
meterol, have also been reported to inhibit both the early and
late phases of allergen-induced bronchoconstriction and
bronchial hyperresponsiveness in atopic asthmatic patients by
anti-inflammatory mechanisms which are distinct from those
involving fl2-adrenoceptors (Twentyman et al., 1990; Palmqvist
et al., 1992). These activities seem to be directed at various
types of inflammatory cell, such as eosinophils (Eda et al.,
1993), macrophages (Baker & Fuller, 1990) and neutrophils
(Ramage et al., 1993; Vardey et al., 1994), and may, at least in
the case of salmeterol, enable reductions in the dose of inhaled
corticosteroids (Greening et al., 1994). Although clinically
important, little is known about the biochemical mechanisms
of these f2-adrenoceptor-independent interactions of f2-ago-
nists with inflammatory cells.

The primary objective of the present study was to indentify
the sites and mechanisms of the anti-oxidative, anti-
inflammatory interactions of salmeterol, and to a lesser extent
those of fenoterol, formoterol and salbutamol, with human
neutrophils in vitro.

'Author for correspondence at: Department of Immunology, P.O.
Box 2034, Pretoria 0001, South Africa.

Neutrophils

Human neutrophils were obtained from heparinised (5 units of
preservative-free heparin ml- 1) venous blood of healthy adult
volunteers and separated from mononuclear leucocytes by
centrifugation on Ficoll-Paque (Pharmacia Fine Chemicals,
Uppsala, Sweden)-metrizoate (Nyegaard, Oslo, Norway)
cushions at 400 g for 25 min at room temperature. The re-
sultant pellet was suspended in phosphate-buffered saline
(PBS, 0.15 M, pH 7.4) and sedimented with 3% gelatin for
15 min at 37°C to remove most of the erythrocytes. After
centrifugation, erythrocytes were removed by selective lysis
with 0.84% ammonium chloride at 4°C for 10 min. The neu-
trophils, which were routinely of high purity (>90%) and
viability (>95%), were resuspended to 1 x 107 ml-I in PBS
and held on ice until used.

Superoxide generation

This was measured using a lucigenin (bis-N-methylacridinium
nitrate)-enhanced chemiluminescence (LECL) method (Min-
kenberg & Ferber, 1984). Neutrophils were pre-incubated for
15 min at 37°C in 900 pl HBSS containing 0.2 mM lucigenin in
the presence and absence of the test agents (0.3-50 yM).
Spontaneous and stimulus-activated LECL responses were
then recorded in an LKB Wallac 1251 chemiluminometer
(Turku, Finland) after the addition of 100 ,l of the following
stimuli of neutrophil membrane-associated oxidative metabo-
lism: the synthetic chemotactic tripeptide N-formyl-L-leucyl-L-
phenylalanine (FMLP; 1 pM), the calcium ionophore A23187,
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(1 gM); phorbol 12-myristate 13-acetate (PMA; 25 ng ml-')
and opsonised zymosan (OZ; 0.5 mg ml-'). LECL readings
were integrated for 5 s intervals and recorded as mVx se-
conds-' (mV s-1). Additional experiments were performed to
investigate the following: (i) the duration of pre-incubation of
neutrophils at 370C with salmeterol (6.25-50 gM) on PMA-
activated LECL; (ii) the durability of the effects of salmeterol
on the FMLP- and PMA-activated LECL responses of neu-
trophils following washing (twice) of cells which had been
exposed to the drug for 15 and 30 min at 370C; (iii) the effects
of propranolol (12.5 Mm, this being the highest concentration
of this agent which did not affect LECL) on the LECL re-
sponses of salmeterol-treated (25 gM) PMA-activated neu-
trophils; (iv) the effects of low, non-cytotoxic concentrations
(1-2 gM) of the membrane-destabilizing phospholipids, lyso-
phosphatidylcholine (LPC), platelet activating factor (PAF)
and lysoPAF (LPAF) added 1 min before salmeterol, on sal-
meterol (0.3-2.5 gM) interactions with FMLP-activated neu-
trophils; (v) superoxide-scavenging activity of the test agents
using a cell-free hypoxanthine (1 mM)-xanthine oxidase (17
milliunits ml-) superoxide-generating system.

Oxygen consumption

A 3-channel, Clark-type oxygen electrode (model DW1,
Hansatech Ltd, King's Lynn, Norfolk) was used to measure
the effects of salmeterol (25 and 50 gM) on 02 consumption by
PMA-activated neutrophils (2 x 1O6 ml-'). The reduction in
P02 was monitored for 15 min after the addition of PMA.

NADPH-oxidase activity

Neutrophils (5 x 106 ml-') were pre-incubated for 30 min at
37°C in the presence and absence of salmeterol (25 and 50 MM)
followed by addition of PMA. After 10 min incubation the
cells were centrifuged at 4°C and the pellets resuspended in
0.34 M sucrose supplemented with 0.5 mM phenylmethyl-sul-
phonyl fluoride (Calbiochem Corp., La Jolla, California,
U.S.A.) and disrupted by sonication. Cellular debris was re-
moved by centrifugation and the membrane fractions in the
supernatants harvested following centrifugation at 70 000 g
for 30 min. The membrane pellets were dispersed in 1 ml su-
crose and assayed for NADPH-oxidase activity using LECL.
Reaction mixtures (1 ml) contained lucigenin, membrane
fractions (200 Ml) and NADPH (2 mM), which was added last
to initiate superoxide generation. In an additonal series of
experiments, designed to investigate the effects of salmeterol on
fully-assembled NADPH-oxidase, the drug (25 and 50 MM)
was pre-incubated for 10 min at 37°C with purified membrane
fractions prepared from control PMA-activated neutrophils,
followed by addition ofNADPH and measurement of LECL.

Intracellular calcium fluxes

These were measured spectrofluorometrically with fura 2
(Calbiochem) as the calcium-sensitive indicator (Grynkiewicz
et al., 1985). Neutrophils (1 x 107 ml-') were pre-loaded with
fura 2 (2 gM) for 30 min at room temperature in HBSS, wa-
shed twice and resuspended in HBSS. The fura 2-loaded cells
(1 x 106 ml-') were then pre-incubated with salmeterol (0.3-
50 gM) for 5-10 min at 37°C then activated with 1 gM FMLP
or 30 Mm arachidonic acid (Naccache et al., 1989) in the
thermoregulated cuvette of a Hitachi 650-1OS fluorescence
spectrophotometer with excitation and emission wavelengths
set at 340 nm and 500 nm respectively. Intracellular calcium
concentrations ([Ca2+]i) were calculated by procedures which
have been described previously (Grynkiewicz et al., 1985).

PAF synthesis and phospholipase A2 activity

For these experiments, cell numbers, incubation times and
stimulant concentration were established in a series of pre-
liminary experiments. In both assays the cells were pre-

incubated with salmeterol for 15 min at 37°C. PAF was as-
sayed in the supernatants of control and salmeterol-treated,
calcium ionophore (2.5 gM)-activated neutrophils by use of a
commercially-available radioimmunoassay (Du Pont NEN,
Boston, MA, U.S.A.) after 10 min incubation at 37°C. In
additional experiments designed to control for possible inter-
actions of salmeterol with PAF, salmeterol was added retro-
spectively to PAF-containing supernatants from control,
calcium ionophore-activated neutrophils. The mixtures were
incubated for 15 min and the PAF quantitated by radio-
immunoassay. In a similar series of experiments the im-
munoreactivity of reagent PAF (6.25-100 ng ml-') was
measured following a 15 min exposure to salmeterol (12.5 gM).

Phospholipase A2 activity was measured according to the
extent of release of radiolabelled arachidonate ([3H]-AA) from
calcium ionophore-activated neutrophils (Anderson et al.,
1989). Briefly, neutrophils (1 x 107 ml) were coincubated with
5 Ci ml-' [3H]-AA [5,6,8,9,11,12,14,15-3H](N), 100 Ci
mmol-', Du PontNEN) for 30 min at 37°C in Ca2+-free HBSS,
washed twice and resuspended to 1 x 107 ml-' in HBSS. Fol-
lowing pre-incubation with salmeterol for 15 min at 37°C, the
cells (5 x 106 in 2 ml) were activated with 2.5 gM calcium iono-
phore. After 5 min incubation at 37°C the reactions were ter-
minated and the lipids extracted by addition of5 ml ofn-hexane/
isopropanolol/concentrated HCl (300: 200: 4, v/v/v). The upper
organic phase was separated, dried under a stream of nitrogen,
reconstituted in 100 u1 of hexane/isopropanolol (3: 2, v/v) and
[3H]-AA quantitated by radiometric thin layer chromatography
(t.l.c.) (Anderson et al., 1989).

Protein kinase C activity

The effects of salmeterol (50 gM) on the activity of purified
protein kinase C (PKC) from rat brain (Boehringer Man-
nheim, Germany) were measured with a commercial, colouri-
metric PKC assay kit (Pierce, Rockford, IL, U.S.A.). Briefly,
salmeterol was coincubated with PKC (1.6 mu ml-') for
15 min at 30°C, after which an aliquot of the mixture (10 Ml)
was transferred to vials containing 8 Mg of dye-labelled PKC
substrate (glucose synthase peptide), 20 mM Tris assay buffer
containing 2 mM ATP, 10 mM MgCl2, 0.1 mM CaCl2 and
phosphatidyl-L-serine (5 pg) as activator to give a final reac-
tion volume of 25 M1. Vials were incubated for 30 min at 30°C
after which phosphorylated and non-phosphorylated peptide
was separated by centrifugation through a SpinZyme affinity
separation unit (Pierce). Following elution, the amount of
phosphorylated peptide was determined spectro-
photometrically at 570 nm.

Cellular ATP levels

After 30 min incubation at 37°C in HBSS, neutrophil ATP
levels were measured in the lysates of control and salmeterol-
treated cells (106) using a luciferin/luciferase chemilumines-
cence method (Holmsen et al., 1972).

Membrane stabilization

The membrane-stabilising potential of the test agents was
measured by a haemolytic assay. Sheep erythrocytes were
washed 3 times and resuspended to 5% in HBSS. The ery-
throcytes (final concentration of 0.5%) were then coincubated
with the various test agents (25 and 50 gM) for 30 min at 37°C
followed by the addition of LPC, PAF and LPAF at con-
centrations (5-8 gM) which caused incomplete haemolysis.
After 5 min, intact erythrocytes were removed by centrifuga-
tion and the supernatants assayed spectrophotometrically at
415 nm for haemoglobin content.

Interactions of salmeterol with LPC and PAF

The ultraviolet absorption spectra of mixtures of salmeterol
(250 gM) and LPC or PAF (both at 2000 gM) relative to
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identical concentrations of the individual agents were mea-
sured using a Pye Unicam SP 1700 double-beam u.v. spec-
trophotometer.

Drugs and reagents

Three of the f2-agonists used in this study (salbutamol, feno-
terol and salmeterol) are the most commonly prescribed in
South Africa, while formoterol was included because other
than salmeterol, it is the only other clinically available long-
acting fl2-agonist in this country. Salmeterol and salbutamol
were provided by Glaxo Group Research, while fenoterol hy-
drobromide and formoterol fumarate were supplied by Boeh-
ringer Ingelheim KG (Germany) and Ciba-Geigy Ltd
(Switzerland) respectively. These agents were dissolved in
0.05 N HCl to give stock solutions of 10 mm and diluted
thereafter in indicator-free, Hanks' balanced salt solution
(HBSS), pH 7.4, and used at a final concentration range of
0.3-50 gM. Following the 1/200 dilution in HBSS the pH of
systems containing 50 gM of the test agents was not detectably
different from that of control systems (pH 7.4). Unless in-
dicated, all other chemicals and reagents were purchased from
Sigma Chemical Co., St Louis, MO, U.S.A.

Statistical analysis

The results of each series of experiments are expressed as the
mean values+s.e. mean. Where appropriate, levels of statis-
tical significance were calculated by Student's t test.

Results

Superoxide generation

These results are shown in Figure 1. Salmeterol caused dose-
related inhibition of the LECL responses of neutrophils acti-
vated with all 4 stimuli of membrane-associated oxidative
metabolism. The responses of FMLP- and calcium ionophore-
activated neutrophils were more sensitive to salmeterol than
those of opsonised zymosan and PMA with statistically sig-
nificant inhibition (P<0.01-P<0.0001) observed at con-
centrations of 0.3 gM and upwards. In the case of opsonised
zymosan and PMA, statistically significant inhibition of neu-
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trophil LECL responses was observed at concentrations of
3 gM (P<0.04) and 12.5 gM (P<0.01) respectively. The
duration of exposure (15 - 90 min) of neutrophils to salmeterol
(25 gM) did not affect the magnitude of inhibition of the LECL
responses of PMA-activated neutrophils.

Washing of neutrophils that had been coincubated with
salmeterol (25 and 50 gM) was associated with either complete
or partial loss of inhibition of PMA-activated LECL. For
neutrophils continuously exposed to salmeterol for 30 min
prior to activation, the mean percentages PMA-stimulated
LECL of the drug-free control system were 59 + 15 (P< 0.02)
and 6± 5 (P< 0.002) for the cells treated with 25 gM and
50 gM salmeterol respectively. The corresponding responses of
washed, matched neutrophils were 121 + 15 (NS) and 81 + 3
(P <0.04). These are the results of 4 separate experiments.

Coincubation of neutrophils with propranolol (12.5 gM) for
15 min prior to addition of salmeterol did not reduce the level
of salmeterol (25 gM)-mediated inhibition of the LECL re-
sponses of PMA-activated neutrophils. The mean percentages
LECL of the drug-free control system, of neutrophils exposed
to propranolol only, salmeterol only or to the combination of
propranolol and salmeterol were 97 + 3, 46 + 3 and 40 + 3 re-
spectively.

The effects of pretreatment (1 min) of neutrophils with low,
non-cytotoxic concentrations (1 and 2 gM) of LPC, on sal-
meterol-mediated inhibition of FMLP-activated LECL re-
sponses are shown in Figure 2. At all concentrations tested
(0.3-2.5 gM) salmeterol caused significant (P<0.005) inhibi-
tion of the LECL responses of FMLP-activated neutrophils,
while LPC at both concentrations significantly (P< 0.05-
P<0.0005) antagonized the inhibitory effects of salmeterol.
PAF and LPAF, at both concentrations tested, also caused
statistically significant protection (P< 0.05-P< 0.005) of the
LECL responses of FMLP-activated neutrophils against the
inhibitory effects of all 4 concentrations of salmeterol (not
shown). At concentrations of 2 gM, but not at 1 gM, both LPC
and LPAF significantly increased the FMLP-activated re-
sponses of neutrophils to 124+ 5% (P<0.025) and 127 +7%
(P<0.05) of control values respectively. The corresponding
values for 1 gM of LPC and LPAF were 103 +2% and 105 + 4.
PAF at 1 gM and 2 gM significantly increased the FMLP-
activated responses of neutrophils to 143 + 13% (P<0.05) and
171 +6% (P< 0.025) of the control value respectively. Because
of these sensitizing effects, the levels of antagonism were cal-
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Figure 1 The effects of salmeterol on the peak lucigenin-enhanced
chemiluminescence (LECL) responses of neutrophils activated with
FMLP (A), calcium ionophore (O), opsonized zymosan (0) and
PMA (L). The results of 6-14 experiments are expressed as the
mean percentage+s.e. mean of the corresponding drug-free control
systems. The absolute peak LECL values for the drug-free control
systems activated with FMLP, calcium ionophore, opsonized
zymosan and PMA were 1020+180, 1434+215, 6369+570 and
4237 +262mV s- 1 respectively. The peak LECL responses were
reached after 4min, 15min, 14min and 9min for FMLP, calcium
ionophore, opsonized zymosan and PMA respectively.
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Figure 2 The effects of salmeterol on the lucigenin-enhanced
chemiluminescence (LECL) responses of FMLP-activated neutrophils
in the absence (solid columns) and in the presence of 1 M (hatched
columns) and 2 yM (stippled columns) of LPC. The results of 5
experiments are presented as the mean percentage of the correspond-
ing drug-free control systems+s.e. mean. The absolute peak LECL
values for control, unstimulated neutrophils and for FMLP-activated
neutrophils were 174+2mV s- and 1163 + 148 respectively.
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culated by comparing the values obtained for cells treated with
the combination of salmeterol + phospholipid with the corre-
sponding phospholipid-treated, salmeterol-free systems. At
concentrations of 1 and 2 gM, none of the phospholipids af-
fected the spontaneous LECL responses of neutrophils in the
absence of a stimulant, while at concentrations > 2.5 gM the
lysophospholipids and PAF were progressively cytotoxic.

The comparative effects of salmeterol, salbutamol, fenoterol
and formoterol (6.25-50 gM) on neutrophil PMA-activated
LECL responses are shown in Figure 3. These responses were
unaffected by salbutamol, but were significantly reduced by
fenoterol at concentrations of 12.5 - 50 IM (P< 0.05-P<0.01)
and formoterol at the same concentrations (P< 0.004 -
P<0.001), with respective ED50 values of 26 gM, > 50 iM and
> 50 gM. These inhibitory effects of fenoterol and formoterol
were: (a) less than those of salmeterol (b) insensitive to pro-
pranolol and (c) completely eliminated by washing the cells.
Fenoterol and formoterol also caused dose-related inhibition
of the LECL reponses of neutrophils activated with FMLP
and calcium ionophore. The inhibitory effects of these agents
on FMLP-activated LECL could not however, be prevented
by pretreatment of neutrophils with LPC (not shown).

Superoxide scavenging

Using the cell-free xanthine/xanthine oxidase superoxide-gen-
erating system, neither salmeterol nor salbutamol at con-
centrations of up to 50 gM were found to possess superoxide-
scavenging properties. However, both fenoterol and for-
moterol caused dose-related inhibition of superoxide genera-

tion by this system. These results are shown in Table 1 for a
time-point (3 min) at which the reaction was linear, as well as
for the peak responses which were reached at 6-10 min. Both
agents inhibited LECL generated by the xanthine-xanthine
oxidase system. The inhibitory effects of formoterol were
clearly dose-related, while those of fenoterol were fairly similar
for the three concentrations tested. Sodium fumarate at con-
centrations of 25 and 50 jM did not affect superoxide gen-
eration by the xanthine-xanthine oxidase system, demon-
strating that the inhibitory effects of formoterol cannot be
attributed to the fumarate moiety of the molecule.

Since consumption of 02 (measured with an 02 electrode)
by the xanthine-xanthine oxidase system was unaffected by
fenoterol and formoterol (50 gM), it appears that these agents
are scavengers of superoxide rather than inhibitors of xanthine
oxidase.

02 consumption and NADPH-oxidase activity
The effects of salmeterol (25 and 50 gM) on 02 consumption by
PMA-activated neutrophils and on the activity of NADPH-
oxidase in purified membrane fractions prepared from these cells
are shown in Table 2. Both activities were significantly inhibited
by salmeterol at these concentrations, but not at lower con-
centrations. Addition of salmeterol (25 and 50 gM) to purified
membrane fractions prepared from PMA-stimulated, control
neutrophils did not inhibit the activity of NADPH-oxidase,
demonstrating that this agent at these concentrations primarily
affects the assembly rather than the activity of the oxidase
complex. Neither fenoterol nor formoterol at concentrations of

Table 1 Effects of fenoterol and formoterol on superoxide
generation by the xanthine/xanthine oxidase system
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Figure 3 Comparative effects of salmeterol (*), salbutamol (0),
fenoterol (V) and formoterol (El) on the peak lucigenin-enhanced
chemiluminescence (LECL) responses of PMA-activated neutrophils.
The results of 3 - 5 experiments are presented as the mean
percentage+ s.e. mean of the drug-free control system. The absolute
LECL values for unstimulated and PMA-activated control systems
were 350+56 and 5140+205mVs-1 respectively.

System

Control
Fenoterol 12.5 gM
Fenoterol 25 pM
Fenoterol 50 gM
Formoterol 12.5 gM
Formoterol 25 gM
Formoterol 50 pM

LECL (mV so1) generated by the
xanthine/xanthine oxidase system after:

3 min/370C 6-10 min/370C

330 ± 22
134 ± 21
130 ± 28
121 + 3

92 ± 24
61 ± 18
48 ± 16

417 +45
324+41
318 ± 25
307 ± 22

243 + 17
128 ± 21
52+13

The results of 3 experiments are expressed as the mean
values+s.e.means. The time-course of the experiments was
15 min and the results shown are for an early time point
(3 min), when the reaction was linear, and for the peak
lucigenin-enhanced chemiluminescence (LECL) responses,
which occurred 6-10 min after the reactions were initiated.
Both agents, at all 3 concentrations tested, caused
statistically significant inhibition of LECL (P <0.04-
P < 0.0006).

Table 2 Salmeterol effects on neutrophil oxygen consumption and NADPH-oxidase activity

System

Unstimulated neutrophils
PMA-activated neutrophils

in the absence of salmeterol
PMA-activated neutrophils
+ salmeterol 25 IM

PMA-activated neutrophils
+ salmeterol 50 AM

01 consumption
(pM per 10 cells 15 min-) (n= 3)

82 ± 20

62 + 18

17±3

NADPH-oxidase
activity (mV s-1)(n = 8)

44±11
2304+ 178

1724+ 1700

347 ± 210

Results are expressed as the mean values s.e.mean of *3 and t8 experiments. 02 consumption was monitored for the 15 min period
following addition of PMA (25 ng ml-1) to neutrophils when uptake was linear. NADPH-oxidase activity was measured in purified
membrane fractions prepared from PMA-activated, control or salmeterol-treated neutrophils.
0P < 0.03 -P < 0.000 1.
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25 and 50 iM affected utilisation of 02 by PMA-activated neu-
trophils. The mean percentages 02 consumption for neutrophils
treated with 50 gM fenoterol or formoterol, relative to the drug-
free control system were 97 + 1 and 101 + 3 respectively.

Intracellular calcium fluxes, PAF synthesis and
phospholipase A2 activity

The effects of salmeterol on intracellular calcium fluxes in
FMLP-activated neutrophils and on PAF synthesis by calcium
ionophore-activated neutrophils are shown in Figure 4. At
concentrations of 6.25 Mm and upwards salmeterol caused
statistically significant (P<0.05-P<0.001) inhibition of both
fura-2 fluorescence and synthesis of PAF. The inhibitory ef-
fects of salmeterol on the fura-2 fluorescence responses of
neutrophils were also observed when arachidonic acid was
used as stimulant (results not shown). The inhibitory effects of
salmeterol on PAF synthesis by neutrophils appeared to be
real since (a) addition of this agent to PAF-containing super-
natants from activated neutrophils did not affect the reactivity
of the phospholipid in the RIA and (b) the immunoreactivity
of reagent PAF was unaffected by coincubation with salme-
terol.

Salmeterol also caused dose-related inhibition of the phos-
pholipase A2 activity of calcium ionophore-activated neu-
trophils, which achieved statistical significance (P< 0.005) only
at the highest concentration tested (50 gM). Following cor-
rection for background values, the respective values for gen-
eration of [3H]-arachidonate by calcium ionophore-activated
control and salmeterol-treated neutrophils were 46836+3912
and 26322+5088 c.p.m. per 107 neutrophils (results of 5 dif-
ferent experiments).

PKC activity

Coincubation of PKC with salmeterol (50 gM) did not affect
enzyme activity. The activity of salmeterol-treated PKC was
100+7% that of the corresponding drug-free control system
(results of 3 experiments).

ATP levels

formoterol at concentrations of up up 25 gM did not affect
cellular ATP levels. However, treatment of neutrophils with
50 iM salmeterol significantly (P<0.003) increased cellular
ATP levels. The respective values for control neutrophils and
for those treated with 25 and 50 gM salmeterol were 8.6+0.4,
10.3 +2.3 and 17.7 +0.9 nmol ATP per 107 neutrophils.

Membrane stabilizing activity

Salmeterol at concentrations of 25 and 50 gM protected sheep
erythrocytes against the haemolytic effects of LPC, LPAF and
PAF (P<0.004-P<0.0005). These results are shown in Fig-
ure 5. However, the haemolytic activity of these phospholipids
was unaffected by salbutamol, fenoterol and formoterol at
concentrations of up to 50 gM.

In a single experiment, the effects of all four /32-agonists at
a fixed concentration of 100 gM on LPC-mediated haemolysis
were investigated. In this experiment LPC was used at con-
centrations of 6, 7 and 8 gM, which caused varying degrees of
haemolysis (34% - 77%). These results are shown in Table 3.
Salmeterol protected the erythrocytes against the haemolytic
effects of all three concentrations of LPC, while the other
three f2-agonists showed modest protective activity against
the lower concentrations of this lysophospholipid, the order
of potency being formoterol > salbutamol> fenoterol.
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Coincubation of neutrophils with salmeterol at concentra-
tions up to 25 gM for 30 min at 37°C and with fenoterol and
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Figure 5 Haemolysis of sheep erythrocytes mediated by LPC, LPAF
and PAF (5-88 M) in the absence (solid columns) and presence of
25 yM (hatched columns) and 50 gM salmeterol (stippled columns).
The results of 4 experiments are presented as the mean percentage
haemolysis + s.e. mean.

Table 3 Effects of the fi2-agonists (100 gM) on LPC-
mediated haemolysis of sheep erythrocytes
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Figure 4 Effects of salmeterol on peak intracellular calcium levels

(Ol) in FMLP-activated neutrophils (6-8 experiments) and on
synthesis of PAF (0) by calcium ionophore-stimulated neutrophils
(3-6 experiments). The results are expressed as the mean

percentage+s.e. mean of the drug-free control systems. The mean

absolute peak value for [Ca2+]i in control systems was 858 + 190 nM,
while the corresponding value for PAF synthesis was 18.5+4.6ng
PAF per 107 cells. PAF could not be detected in the supernatants of
resting neutrophils.

Agent

None (control)
Salmeterol (100 pM)
Formoterol (100 gM)
Salbutamol (100 pM)
Fenoterol (100 pM)

Haemolysis (%) mediated by LPC
at concentrations of.

6 gM 7 uM 8 Mm

34 + 1
2±0.5*
23± 1*
29± 1*
30 ± 0.2*

53±1
13 ± 0.3*
44+ 1*
49± 1*
57 ± 1

77 2
31 ± 1*
78 ± 2
82 ± 1
85 +2

The results of a single experiment with 6 replicates for each
agent are expressed as the mean values ± s.e.mean.

*Denotes statistically significant protection (P < 0.05 -
P <0.0001) against LPC-mediated haemolysis.
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Interactions of salmeterol with LPC and PAF

Spectrophotometric analysis of mixtures of salmeterol with
LPC or PAF did not reveal any interactions between these
agents.

Discussion

Of the four #2-agonists investigated in the present study, sal-
meterol and to a lesser extent fenoterol and formoterol, but not
salbutamol, suppressed the generation of superoxide by acti-
vated neutrophils. The anti-oxidative activity of fenoterol and
formoterol was mediated by superoxide-scavenging mechan-
isms rather than by direct effects of these agents on the neu-
trophil. This conclusion is based on observations that fenoterol
and formoterol decreased the LECL responses of the cell-free,
xanthine/xanthine oxidase system, without affecting utilization
of oxygen either by this system or by activated neutrophils.
Although the superoxide-scavenging activities of fenoterol
have been described previously (Gillissen et al., 1994; 1995),
the aspects of molecular structure which confer this property
on fenoterol, as well as on formoterol, have not been identified.
Salmeterol did not possess superoxide-scavenging properties
and appeared to function as a true inhibitor of neutrophil
superoxide production by #2-adrenoceptor-independent me-
chanisms. This contention is supported by observations that
the inhibitory effects of salmeterol on oxidant production by
activated neutrophils were insensitive to propranolol and al-
most completely eliminated by washing the cells. These ob-
servations confirm previous studies in which salmeterol has
been reported to inhibit oxidant generation by FMLP- and
opsonized zymosan-activated neutrophils by undefined, P2-
adrenoceptor-independent mechanisms (Ramage et al., 1993;
Vardey et al., 1994).

The inhibitory effects of salmeterol on neutrophil super-
oxide generation were dose-related and observed with all four
stimuli of membrane-associated oxidative metabolism, the in-
tensity of their pro-oxidative interactions with these cells being
an apparent determinant of sensitivity to salmeterol. The re-
sponses of neutrophils activated with the two weak stimuli,
FMLP and calcium ionophore, were more sensitive to the
suppressive effects of salmeterol and were observed with con-
centrations of this fl2-agonist (0.3 - 3 gM) which did not appear
to influence transductional mechanisms involved in the acti-
vation of NADPH-oxidase. At higher concentrations
(>3 gM), salmeterol also caused progressive inhibition of
oxygen consumption, NADPH-oxidase activity and generation
of oxidants by PMA- and opsonized zymosan-activated neu-
trophils. Addition of salmeterol to purified membrane frac-
tions prepared from control, PMA-activated neutrophils did
not affect the activity of fully-assembled NADPH-oxidase,
indicating that this agent, at these concentrations, affects the
activation rather than the activity of NADPH-oxidase. In this
respect it is noteworthy that inhibition of NADPH-oxidase
activity coincided with, and was probably a consequence of,
salmeterol-mediated interference with neutrophil intracellular
calcium fluxes, synthesis of PAF and activity of phospholipase
A2. These effects on neutrophils could not be attributed to non-
specific cytotoxicity since cellular ATP levels were unaffected
at concentrations of up to 25 gM of salmeterol, and were sig-
nificantly increased at higher concentrations of this agent
(50 MM).

The lipophilic nature of salmeterol relative to the other /2-
agonists used in this study (Johnson, 1995), together with its
wide-ranging inhibitory effects on membrane-associated ac-
tivities of stimulated neutrophils, suggested that the plasma
membrane was the probable site of anti-inflammatory action
of this agent. Lipophilicity is an important physico-chemical
property of salmeterol, which distinguishes this agent from
other f32-agonists. The relative lipophilicity values of salme-
terol, formoterol and salbutamol are 3200, 8 and 1 respectively

(Johnson, 1995). Consequently, salmeterol is rapidly accumu-
lated by cells, and within 1 min there are > 20000 molecules in
the cell membrane for each molecule that remains in the ex-
tracellular phase (Johnson, 1995). Using a haemolytic assay of
membrane stabilizing/destabilizing activity, we have shown
that this remarkably high level of intra-membrane accumula-
tion of salmeterol is accompanied by alterations in membrane
stability. Pretreatment of sheep erythrocytes with salmeterol,
but not with fenoterol, formoterol or salbutamol, at con-
centrations of up to 50 gM increased the resistance of these
cells to the haemolytic effects of the bioactive phospholipids,
LPC, PAF and LPAF. The concentrations of salmeterol re-
quired to counter the membrane-destabilizing properties of the
bioactive phospholipids were somewhat higher than those re-
quired to inhibit superoxide generation by activated neu-
trophils. This can probably be explained by the use of high,
cytolytic concentrations (5 - 8 gM) of LPC, LPAF and PAF in
the haemolytic assay of membrane-destabilization with a
consequent requirement for relatively high concentrations of
salmeterol in this system. We were unable to detect complex-
forming interactions between salmeterol and these lytic agents,
suggesting that the observed protective effects of the f2-agonist
are mediated exclusively by membrane-stabilizing mechanisms.
Modest protective activity was evident with the other fl2-ago-
nists when their concentrations were raised to 100 gM, with
membrane-stabilizing potency reflecting relative lipophilicity
(formoterol > salbutamol > fenoterol).
We also used LPC, LPAF and PAF to investigate possible

relationships between the membrane-stabilizing and anti-in-
flammatory properties of salmeterol. Pretreatment of neu-
trophils with these phospholipids (1-2 gM) prevented the
inhibitory effects of salmeterol (0.3-2.5 gM) on generation of
superoxide by FMLP-activated neutrophils. We did not in-
clude data from similar experiments with PMA-stimulated
neutrophils since at the high concentrations (>6.25 gM) of
salmeterol required to inhibit these responses, protection can
be achieved only by levels of the bioactive phospholipids that
are cytotoxic for drug-free, control systems. Neutralization of
salmeterol-mediated inhibition of superoxide-generation by
FMLP-activated neutrophils pretreated with LPC, PAF or
LPAF clearly links the membrane-stabilizing properties of this
agent to its anti-oxidative activity. This proposed relationship
is supported by previous studies which have demonstrated that
optimum activity of NADPH-oxidase is dependent on lateral
mobility of the neutrophil membrane (Kusner et al., 1991;
Wiles et al., 1994). Our results suggest that these membrane-
stabilizing interactions of salmeterol with neutrophils may
antagonize the pro-oxidative activities of endogenously-gen-
erated lysophosphatides and PAF. These bioactive phospho-
lipids are generated during exposure of neutrophils to stimuli
of membrane-associated oxidative metabolism (Zimmerman et
al., 1992; Dana et al., 1994) and potentiate the activity of
NADPH-oxidase (Oishi et al., 1988; Dana et al., 1994). Ad-
dition of exogenous, reagent lysophospholipids and PAF to
neutrophils does not activate superoxide generation, but, as
also observed in the present study, induces a state of hy-
perresponsiveness (priming, sensitization) on subsequent ex-
posure of the cells to stimuli of membrane-associated oxidative
metabolism (Engelberger et al., 1987; Ginsburg et al., 1989).
Importantly, these sensitizing effects of lysophosphatides on
the pro-oxidative activities of neutrophils are highly correlated
with their membrane-disruptive properties (Ginsburg et al.,
1989).

Salmeterol-mediated antagonism of the pro-oxidative ac-
tivities of lysophosphatides and PAF apparently occurs by two
concentration-dependent mechanisms, both involving mem-
brane stabilization. At low concentrations (<6.25 gM), sal-
meterol appears to neutralize the pro-oxidative interactions of
these bioactive phospholipids without affecting their synthesis
by neutrophils, while at higher concentrations, intense mem-
brane stabilization affects cellular calcium mobilization and
activity of enzymes involved in the synthesis of lysopho-
sphatides and PAF. High level membrane stabilization may
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also inhibit the activity of membrane ATPases, which would
explain the increased cellular ATP levels of neutrophils ex-
posed to high concentrations of salmeterol.

These membrane-stabilizing, anti-inflammatory properties
of salmeterol are unlikely to be restricted to neutrophils since
PAF and LPC, both of which are thought to play key roles in
the pathogenesis of bronchial asthma and rhinitis (Barnes,
1989; Mehta et al., 1990; Zimmerman et al., 1990), are potent
mediators of other inflammatory and cytotoxic processes.
Apart from its pro-oxidative and cytotoxic properties, which
are shared by PAF and LPAF, LPC also induces mast cell
secretion by promoting influx of extracellular calcium (Mar-
quardt & Walker, 1991), while exposure of respiratory epi-
thelium to lysophospholipids and PAF is accompanied by
ciliary dysfunction, cytotoxicity and impaired mucociliary
clearance (Ganbo et al., 1991; Nieminen et al., 1991; Feldman
et al., 1995). Although many of the pro-inflammatory activities

of PAF are clearly receptor-mediated (Barnes, 1989; Zimmer-
man et al., 1992), some activities of this bioactive phospholi-
pid, as well as those of LPC and LPAF, appear to be mediated
by receptor-independent, membrane-disruptive mechanisms
which may be amenable to pharmacological control by mem-
brane-stabilizing agents.

In conclusion, salmeterol, unlike the other commonly-
used short- and long-acting f32-agonists, is a potent mem-
brane-stabilizing agent, which regulates human neutrophil
function, probably by antagonizing the pro-oxidative activ-
ities of several bioactive lipids implicated in the pathogenesis
of bronchial asthma. These are clearly secondary effects of
this agent which are evident at concentrations somewhat
higher (0.3-0.6 pM) than those (<0.1 Mm) required for #2-
agonist effects (Johnson, 1995). Nevertheless, if operative in
vivo, they may contribute to the therapeutic activity of this
#2-agonist.
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