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crease PAF binding or stimulate IP 3  release. (S)-albuterol 
stimulated PAFr protein expression. With PAF metabolism, 
(S)-albuterol treatment augmented PAF synthesis, but sig-
nificantly inhibited PAF catabolism.  Conclusions:  Our data 
suggest that one mechanism by which (S)-albuterol stimu-
lates HBSMC proliferation involves upregulation of PAFr-me-
diated effects including increased PAF synthesis and de-
creased PAF catabolism.   Copyright © 2011 S. Karger AG, Basel

  Introduction

  Asthma, a chronic lung disease with different etiolo-
gies, is characterized by reversible chronic airway ob-
struction, chronic airway inflammation, and airway hy-
perresponsiveness  [1] . Airway inflammation and hyper-
responsiveness in asthma result, in part, from release of 
pro-inflammatory molecules, cytokines and lipid media-
tors, by activated neutrophils, platelets and macrophages 
 [2, 3] . Racemic albuterol (salbutamol), a 50:   50 mixture of 
(R)-albuterol (levalbuterol) and (S)-albuterol, is a bron-
chodilator currently used in the management of asthma 
 [4, 5] . Levalbuterol, the active component of the racemic 
mixture, elevates cyclic adenosine monophosphate 
(cAMP) level in airway smooth muscle, whereas (S)-al-
buterol, which was thought to be inert, may aggravate air-
way reactivity and lead to loss of asthma control after pro-
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  Abstract

   Background:  Racemic albuterol is a 50:   50 mixture of the 
(R)- and (S)-enantiomers of albuterol. Its clinical efficacy re-
sides in the (R)-enantiomer (levalbuterol). Studies have 
shown that (S)-albuterol induces human bronchial smooth 
muscle cell (HBSMC) proliferation via a pathway linked to 
platelet-activating factor (PAF), but the underlying mecha-
nism by which (S)-albuterol augments PAF effects is not 
clear. In this study, we compared effect of levalbuterol and 
(S)-albuterol on PAF receptor (PAFr)-mediated signaling and 
PAF metabolism by HBSMCs after incubation with the al-
buterol isomers.  Methods:  PAF binding and inositol phos-
phate (IP 3 ) release were studied on adherent cultured cells. 
PAFr protein expression was measured by Western blotting, 
PAF synthesis and catabolism were measured in membrane 
and cytosolic proteins of cells incubated with albuterol iso-
mers.  Results:  Compared to control conditions, (S)-albuterol 
increased PAF binding by 70% after 30 min of preincubation 
and by 150% after 24 h of preincubation. Levalbuterol had 
no effect on PAF binding under both conditions. (S)-albuter-
ol also augmented PAF stimulation of IP 3  release, while leval-
buterol and the racemic mixture had no effect. WEB 2170, a 
PAFr antagonist, inhibited the ability of (S)-albuterol to in-
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longed use  [6–8] . Levalbuterol was reported to inhibit pro-
liferation of human bronchial smooth muscle cells 
(HBSMCs) in vitro, by increasing cAMP production and 
augmenting activity of cAMP-dependent protein kinase 
A (PKA). On the other hand, (S)-albuterol induces cell 
proliferation by inhibiting levalbuterol-induced elevation 
of cAMP levels, by activating some intracellular mitogen-
ic signaling pathways such as mitogen activated protein 
kinases (MAPK), nuclear factor- � B (NF-kB), p65 and ret-
inoblastoma (Rb) proteins, among others  [9, 10] . (S)-al-
buterol has also been reported to induce bronchial smooth 
muscle cell proliferation in culture via a pathway linked 
to platelet-activating factor (PAF) receptor activation.

  PAF is a potent endogenous pro-inflammatory lipid 
synthesized by platelets and macrophages and it is impli-
cated in the pathophysiology of asthma  [1, 2] . Its release in 
asthma results in exacerbation asthmatic airway hyperre-
sponsiveness and inflammation  [11] . PAF level is high in 
serum and bronchoalveolar lavage of asthmatic patients 
 [12, 13] . In experimental anaphylaxis, serum PAF level is 
high and is inversely related to the activity of PAF acetyl-
hydrolase, the PAF catabolizing enzyme and the plasma 
PAF level decreased with a decrease in the severity of ana-
phylaxis  [14] . Although clinical use of PAF receptor an-
tagonists has not proved useful in therapeutic manage-
ment of asthma  [15, 16] , studies have shown that use of 
recombinant PAF acetylhydrolase may offer some useful 
therapeutic potentials  [17, 18] . Thus, the roles of PAF and 
PAF-mediated responses in asthma are not well under-
stood and demand further investigation. Furthermore, the 
mechanism by which (S)-albuterol activates PAF receptor 
to promote HBSMC proliferation is not well understood.

  The objective of this study was to employ HBSMCs to 
investigate how (S)-albuterol interacts with PAF and PAF 
receptor pathway to augment cell proliferation. Our hy-
pothesis is that, in vivo, following prolonged use of race-
mic albuterol in management of asthma, the level of (S)-
albuterol will increase in the lung, particularly in the air-
way smooth muscle cells, resulting in activation of PAF 
receptor-mediated signaling and aggravation of the in-
flammatory response in asthmatic patients. 

  Methods

  Cell Culture
  HBSMCs were purchased from Lonza and grown in 5% FBS in 

humidified incubator aerated with 5% CO 2  in air at 37   °   C. Cells 
were seeded at a density of 10 4  cells/well in 6-well plates to study 
PAF binding to its receptors or a density of 10 6  cells/dish in 150 
mm Petri dishes to study PAF receptor protein expression, PAF 

synthesis or PAF acetylhydrolase activity. All studies were done 
with cells at subconfluence.

  Effect of (S)-Albuterol and PAF on HBSMC Proliferation
  Cells were seeded at a density of 1  !  10 4  cells/well in 6-well 

plates and allowed to stabilize for 2 days. The cells were then 
starved by culturing in 0.1% FBS for 72 h. After 72 h in culture 
with 0.1% FBS cell starving media, the starving media were aspi-
rated and the cells were treated with 2  �  M  of racemic albuterol, 
1  �  M  each of of (S)-albuterol and levalbuterol, 10 n M  PAF or a co-
culture of 1  �  M  (S)-albuterol and 10 n M  PAF in 5% FBS growth 
media together with 5  � Ci/well of  3 H-thymidine and incubated 
for 24 h more in 5% CO 2  in air. Cells in the 5% FBS culture media 
alone were used as the control in proliferation and protein expres-
sion studies.

  Assay Procedure for  3 H-Thymidine Incorporation
  After 24 h in culture, unincorporated  3 H-thymidine was aspi-

rated and cells were washed with ice-cold, protein-free phos-
phate-buffered saline, followed with 5% trichloroacetic acid. 
Washed cells were treated with 0.5  N  sodium hydroxide and ali-
quots of cell suspension were counted for  3 H-thymidine radioac-
tivity and quantified. Cell counting was done in some experi-
ments to corroborate  3 H-thymidine incorporation.

  PAF Receptor Binding
  PAF receptor binding to the HBSMCs was standardized as we 

previously reported  [19] . Briefly, 0.1, 1, 10 and 100 n M  of  3 H-PAF 
was incubated for 30 min at 37   °   C or at 4   °   C for 24 h with and with-
out 1,000 n M  of authentic nonradiolabed PAF standard. PAF 
bound to its receptor in the HBSMC were extracted on Whatman 
GF/C membranes filters as we previously reported  [19] . PAF ra-
dioactivity was quantified and specific PAFr binding was calcu-
lated. The specific PAFr binding (fmol/10 6  cells means  8  SEM, 
n = 3 separate cell purchases) was as follows: 0.1 n M , 9.3  8  1.43; 
1 n M , 15, 67  8  3.1; 10 n M , 21.81  8  2.53; 100 n M , 19.69  8  2.43. 
After this standardization, all PAFr binding studies were done 
with 1 n M   3 H-PAF as PAF is active in lower concentrations and 
this concentration is in the linear range of PAF binding and con-
sistently produced the most reproducible results. Also binding at 
37   °   C for 30 min was higher than that at 4   °   C for 24 h for adherent 
cell studies. Effect of albuterol isomers on PAF receptor binding 
was studied on adherent cells to assess the interaction of the al-
buterol isomers on presynthesized receptors. The PAF receptor 
binding buffer was the smooth muscle cell media containing 0.1% 
BSA, pH 6.4. Subconfluent cells were preincubated for 30 min at 
37    °    C with 2  �  M  of racemic albuterol and 1  �  M  each of leval - 
buterol and (S)-albuterol, or with the binding buffer and 1,000 
n M  nanradiolabeled PAF (Control) and then 1 n M  of  3 H-PAF was 
added to all flasks and incubated for 30 min more.

  To study effect of albuterol isomers on PAF receptor synthesis 
and binding, sub-confluent cells were serum starved for 72 h and 
then fed 2  �  M  of racemic albuterol, and 1  �  M  each of levalbuterol, 
(S)-albuterol, or 10  �  M  of the PAF receptor antagonist WEB 2170 
(gift of Boehringer Ingelheim), or with 5% FBS growth media and 
incubated for 24 h more. Concentration of WEB 2170 used was 
based on a concentration-effect study of WEB 2170 ( �  M ): 0.001, 
0.01, 0.1, 1.0, 10.0 and 100) against 1 n M  of  3 H-PAF. Inhibition of 
PAFr binding by the WEB concentrations were (%Control, PAF 
alone) means  8  SEM, n = 3: 0.001  �  M , 95.6  8  4.31; 0.01  �  M , 90.8 
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 8  5.66; 0.1  �  M , 80.5  8  3.6; 1.0  �  M , 73.8  8  4.5; 10  �  M , 33.4  8  2.3; 
100  �  M , 8.8  8  1.98. Significant inhibition of PAFr binding by
WEB 2170 did not occur until at 0.1  �  M  of WEB 2170. We then used 
10  �  M  of WEB 2170 in all our studies because it produced the
most significant and reproducible inhibition. Moreover, 100  �  M  
WEB produced significant cell toxicity indicated by cell detach-
ment. After 24 h of incubation of cells with the albuterol isomers or 
10  �  M  WEB 2170, cells were washed with phosphate-buffered sa-
line and then fed 1 n M   3 H-PAF and incubated for 30 min as in the 
assay standardization protocol. Receptor bound  3 H-PAF was ex-
tracted on GFC membranes and quantified as we previously re-
ported  [19] .

  Inositol Phosphate Production
  Sub-confluent cells were pulsed with 10  � Ci/ml of  3 H-myo-

inositol for 24 h in an inositol-free medium  [19] . Unincorporated 
 3 H-myo-inositol was washed off and cells were stimulated sepa-
rately with 10 n M  PAF, 2  �  M  of racemic albuterol, 1  �  M  each of 
levalbuterol, (S)-albuterol, and 10  �  M  WEB 2170 and incubated 
for 20 min at 37   °   C. To determine involvement of PAF receptor in 
(S)-albuterol stimulation of IP 3  release, cells were pretreated with 
10  �  M  WEB 2170 for 20 min, and then 1  �  M  (S)-albuterol was 
added and incubated for 20 min more. To determine if (S)-albu-
terol augments PAF stimulation of release of inositol phosphates, 
cells were pretreated with 1  �  M  (S)-albuterol for 20 min and then 
10 n M  PAF was added and incubated for 20 min more. Inositol 
phosphates produced in all treatments was extracted on AG 1-X8 
ion exchange columns and quantified. 

  PAF Receptor Protein Expression
  Subconfluent cells grown in 150-mm Petri dishes were serum 

starved with 0.1% FBS for 24 h. Cells were then incubated for
24 h more with 2  �  M  of racemic, 1  �  M  each of levalbuterol and 
(S)-albuterol in 5% FBS growth medium or 5% FBS medium
alone (control). Cells were lysed with a lysis buffer containing a 
cocktail of protease inhibitors  [19] . Cell lysates were spun for 1 h 
at 100,000  g  at 4   °   C to pellet membrane proteins. Membrane pellet 
was resuspended in the lysis buffer. Protein concentration was 
determined by the Bradford assay and then subjected to SDS 
PAGE to measure PAFr protein expression.

  Culture of Cells with Albuterol Isomers for Study PAF 
Synthesis and Catabolism
  Subconfluent HBSMCs were fed 2  �  M  of racemic, 1  �  M  each 

of levalbuterol, (S)-albuterol, 0.1  �  M  authentic PAF and a mixture 
of 0.1  �  M  PAF and 1  �  M  (S)-albuterol or 5% FBS alone, and cul-
tured for 16 h in 5% carbon dioxide in air. Cells incubated in 5% 
FBS alone were used as control. After 16 h in culture, culture me-
dium was aspirated and cells were lysed with a hypotonic lysis 
buffer containing a cocktail of protease inhibitors  [19] , and cell 
lysates from similarly treated cells were combined. Membrane 
protein (100,000  g  pellet) was prepared and used to study PAF 
synthesis by PAF acetyltransferase. The soluble fraction was used 
to study PAF acetylhydrolase activity.

  PAF Synthesis by Cell Membrane Proteins
  PAF synthesis by the cell membrane proteins was studied by 

measuring the activity of lyso-PAF:acetyl-S-CoA acetyltransfer-
ase. For each membrane protein, 250- �  M  aliquots of lyso-PAF and 
500  �  M  [ 3 H]-acetyl-S-CoA (3.7 Ci/mmol) were placed in a poly-

propylene tube and warmed to 37   °   C in a shaker bath. Reaction 
was initiated by adding 100  � g of membrane protein of each treat-
ment for a total volume of 1 ml of 30 m M  Tris buffer, pH 7.4, con-
taining 10  �  M  CaCl 2 , 1 m M  dithiothreitol and 0.025% BSA, and 
incubating the mixture at 37   °   C for 15 min. After incubation, [ 3 H]-
acetyl-PAF synthesized was subjected to lipid extraction.

  Study of PAF Catabolism by PAF-Acetylhydrolase 
  PAF acetylhydrolase activity was studied in soluble fraction of 

cell lysates prepared from cells cultured as described for PAF syn-
thesis. PAF acetylhydrolase activity was studied by determining 
the rate of PAF catabolism as we previously reported  [20] . Briefly, 
cell plasma proteins were incubated with 50  �  M  of [ 3 H]-acetyl-
C 16 -PAF (27 Ci/mmol) in 30 m M  Tris buffer containing 0.01% BSA 
and incubated for 15 min at 30   °   C. Enzyme activity was termi-
nated by adding 1 ml of ice-cold methanol.

  Extraction and Purification of PAF by Thin-Layer 
Chromatography and High-Performance Liquid 
Chromatography
  Prior to lipid extraction, 25  � g each of authentic PAF and lyso-

PAF were added to each tube to aid in establishing PAF and lyso-
PAF bands on thin-layer chromatography (TLC) plate. Then, PAF 
and lyso-PAF were extracted from samples, dried with nitrogen, 
and resuspended in 300  � l of methylene chloride. Ten microliters 
of each sample was spotted on silica gel G plates and developed in 
a solvent mixture containing methylene chloride-methanol-wa-
ter (65:   35:   5) against authentic radiolabeled and nonradiolabeled 
PAF and lyso-PAF standards. TLC spots were visualized under 
iodine vapor and spots corresponding in retention time (R f  val-
ues) with the standard PAF were scraped off pooled, re-extracted 
and further purified by high-performance liquid chromatogra-
phy (HPLC) on an Ultramex C 18  column as we previously report-
ed  [20] . The HPLC peaks corresponding in retention time to au-
thentic PAF standard was collected and PAF radioactivity was 
measured by scintillation spectrometry (Beckman Coulter, Ful-
lerton, Calif., USA) and quantified. 

  Measurement of Activity of the Purified PAF
  Activity of the PAF synthesized by HBSMCs and purified by a 

combination of TLC and HPLC was determined on washed rabbit 
platelets by the serotonin release assay following a modification 
of the method reported by Pinckard et al.  [21] , with some modifi-
cations as we previously reported  [20] . Authentic PAF standards 
were not added to the samples before lipid extraction or purifica-
tion processes. Briefly, rabbit blood was collected in acid citrate 
dextrose and platelets were prepared with calcium-free Tyrode’s 
buffer, pH 6.5, containing 0.2 m M  EGTA and 0.25% (w/v) gelatin. 
The purified platelets were incubated for 45 min with 1  � Ci of 
[ 3 H]-serotonin at 37   °   C. After incubation, unincorporated radio-
activity was washed off the platelets with the calcium-free Ty-
rode’s buffer without EGTA. The labeled platelets were trans-
ferred into tubes so as to give 10 7  platelets/ml (final volume) and 
used to study PAF stimulation of serotonin release. The authentic 
PAF standard as well as the purified PAF-sample extracts were 
dissolved in Tyrode’s buffer with gelatin. The following treatment 
variables were done in replicates: Tyrode’ buffer alone (used to 
determine spontaneous serotonin release), a calibration curve of 
0.001 n M  to 1.0  �  M  of authentic PAF in Tyrode’s buffer was gener-
ated, and then the concentration of the purified PAF-sample ex-
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tracts in Tyrode’s buffer (0.1 ml) was determined from the stan-
dard curve. The tubes were incubated at room temperature for 
90 s. Reaction was quenched with 9% glutaraldehyde after which 
the platelets were spun at 2,500  g  for 15 min at 4   °   C to pellet the 
platelets. The supernatant was decanted and quantified radiomet-
rically for serotonin release, then the radioactivity in the platelet 
pellet was also determined and used to calculate the total radio-
activity used in each tube. The amount of serotonin released 
spontaneously was subtracted from the experimental values be-
fore quantification of PAF concentration from the standard curve 
and presented as pmol (n M ) PAF/ � g protein. 

  Data Analysis
  In all instances, each data point represents an average of 2–4 

repeat experiments done with different cell passages of the same 
Lot purchases. Data from different passages of the same lot pur-
chase were averaged and denoted as n = 1. All numerical data were 
analyzed for statistical significance with a two-tailed Student t 
test at p  !  0.05 level of significance.

  Results

  Effect of (S)-Albuterol and PAF on HBSMC 
Proliferation
   Figure 1  shows the effect of racemic, levalbuterol, (S)-

albuterol and PAF on HBSMC proliferation measured as 
DNA synthesis in  3 H-thymidine disintegrations per min-
ute. Cell proliferation was compared to effect of 5% FBS 
which is the cell culture medium. Treatment with 2  �  M  of 
the racemic albuterol caused a 14% decrease in cell 
proliferation. Treatment with 1  �  M  levalbuterol also de-
creased cell proliferation by 47% compared to 5% FBS and 
by 38% compared to effect of the racemic mixture. On the 
other hand, 1  �  M  (S)-albuterol increased cell proliferation 
by 28% over 5% FBS alone. Treatment with 10 n M  PAF 
alone increased cell proliferation by 58% compared to 5% 
FBS and by 28% compared to effect of (S)-albuterol alone. 
When cells were cultured with a combination treatment 
of 1  �  M  (S)-albuterol and 10 n M  PAF, cell proliferation in-
creased by 82% over 5% FBS control, 20% over PAF alone 
and 35% over (S)-albuterol treatments alone.

  (S)-Albuterol Upregulates PAF Binding to Its Receptors
   Figure 2 a shows the effect of 2  �  M  racemic, 1  �  M  each 

of levalbuterol and (S)-albuterol, on PAF binding to its 
receptor. Compared to effect of 1 n M  PAF, 30-min prein-
cubation with 2  �  M  of racemic albuterol increased PAFr 
binding by 23%. On the other hand, pretreatment of cells 
with levalbuterol for 30 min produced no significant 
change in PAF binding to its receptor. The effect was sim-
ilar to that of PAF alone. However, (S)-albuterol augment-
ed PAF receptor binding by 70%. 

  Effect of Albuterol Isomers and WEB 2170 on PAF 
Binding to Its Receptors
   Figure 2 b shows the effect of 24-hour preincubation of 

cells with 2  �  M  racemic albuterol, and 1  �  M  each of lev-
albuterol and (S)-albuterol on PAF binding to its receptor. 
Treatment of cell with racemic albuterol for 24 h in-
creased PAF receptor binding by 50% compared to PAF 
alone. Pretreatment of cells with levalbuterol for 24 h did 
not change PAF binding compared to control (PAF alone), 
but less than effect of racemic mixture on PAF binding. 
On the other hand, pretreatment of cells with (S)-albute-
rol for 24 h increased PAF receptor binding by 150% com-
pared to effect of PAF alone. (S)-albuterol’s augmentation 
of PAF binding was attenuated by WEB 2170, a PAF re-
ceptor antagonist, but binding was still greater than effect 
of levalbuterol alone.

  Effect of Albuterol Isomers on Release of Inositol 
Phosphates by HBSMCs 
   Figure 3  shows the profile of inositol phosphates re-

lease by cells treated with 2  �  M  of racemic albuterol and 
1  �  M  each levalbuterol, (S)-albuterol and 10 n M  of PAF 
for 20 min. Both the racemic mixture and levalbuterol 
each produced  ! 12% increase in inositol phosphates re-
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  Fig. 1.  Effect of (S)-albuterol on HBSMC proliferation. Data are 
means  8  SEM, n = 6. Cells were studied as described in Methods. 
Levalbuterol (Leval) and the racemic mixture inhibited cell prolif-
eration, while (S)-albuterol [(S)-alb] and PAF stimulated cell pro-
liferation. Co-culture of (S)-albuterol and PAF stimulated cell pro-
liferation more than (S)-albuterol or PAF alone.  *  p  !  0.05, differ-
ent from 5% FBS control; ° p  !  0.05, different from racemic mixture; 
 +  p  !  0.05, different from 5% FBS, racemic and levalbuterol;  **  p  !  
0.05, different from (S)-albuterol and the preceding conditions;
 #  p  !  0.05, different from all other treatment conditions. 
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lease within the 20-min treatment compared to buffer 
alone. With respect to (S)-albuterol effect, 20-min treat-
ment of cells with (S)-albuterol led to 43% increase in 
inositol phosphates release compared to buffer alone. 
Treatment with 10 n M  PAF alone produced a 66% in-
crease in inositol phosphates release compared to buffer 

conditions and 17% increase compared to effect of (S)-
albuterol alone. Pretreatment of cells with WEB 2170, a 
PAF receptor antagonist, attenuated (S)-albuterol-stim-
ulated release of inositol phosphates by 68% compared 
to (S)-albuterol alone, but release was not different from 
effect of buffer alone. When cells were pulsed for 20 min 
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  Fig. 2.   a  Effect of 30 min exposure to albuterols on PAF receptor 
binding. Data are means  8  SEM, n = 5. Cells were preincubated 
for 30 min with 2  �  M  of racemic mixture and 1  �  M  each of leval-
buterol or (S)-albuterol and PAF receptor binding was assayed as 
described in Methods. Racemic albuterol and (S)-albuterol treat-
ment increased PAFr binding. Levalbuterol effect was not differ-
ent from control.  *  p  !  0.05, different from PAF alone (control); 
 +   p  !  0.05, different from PAF alone, levalbuterol or racemic 
albuterol.  b  Effect of 24 h pretreatment of cells with albuterol 

isomers on PAF binding to its receptors in HBSMCs. Data are 
means  8  SEM, n = 4. Racemic albuterol and (S)-albuterol pre-
treatment for 24 h significantly increased PAF binding to its re-
ceptors and then binding in (S)-albuterol-treated cells was greater 
than binding in cells treated with racemic albuterol. WEB 2170 
(WEB) attenuated stimulation of PAF receptor binding by (S)-
albuterol. Effect of levalbuterol was not different from control. 
The statistics are:  *  p  !  0.05, different from PAF alone (control); 
 +  p  !  0.05, different from other treatments.
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phosphate (IP 3 ) release. Data are means  8  SEM, n = 6. Cells 
were studied as described in Methods. Stimulation of IP 3  by lev-
albuterol and the racemic mixture was not different, but (S)-al-
buterol and PAF increased IP 3  release greater than either leval-
buterol or racemic mixture. Combined treatment with (S)-al-
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alone. WEB 2170 (WEB) attenuated (S)-albuterol’s stimulation 
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with 10 n M  PAF and then treated with (S)-albuterol, re-
lease of inositol phosphates increased by 52% compared 
to (S)-albuterol alone and 117% compared to buffer 
alone. Thus, WEB 2170 decreased (S)-albuterol stimula-
tion of inositol phosphates release, while pretreatment 
with PAF augmented inositol phosphates release by (S)-
albuterol.

  Effect of Albuterol Isomers on PAF Receptor Protein 
Expression
   Figure 4  shows the effect of albuterol isomers on PAF 

receptor protein expression ( fig. 4 a) and effect of WEB 
2170 on (S)-albuterol stimulation of PAF receptor pro-
tein expression ( fig. 4 b). In  figure 4 a, treatment of cells 
with 2  �  M  of the racemic mixture increases PAF recep-
tor expression by 18% compared to 5% FBS control. 
There was no difference in PAF receptor expression be-
tween cells treated with 1  �  M  levalbuterol and the race-
mic mixture. However, 1  �  M  of (S)-albuterol increased 
PAF receptor protein expression by 60% compared to 
5% FBS and more than effect of racemic mixture or 
leval bu terol. In  figure 4 b, PAF and (S)-albuterol induced 
more PAF receptor protein expression than WEB 2170 
(WEB), a PAF receptor antagonist. Combined treatment 
of PAF and (S)-albuterol did not reverse the inhibitory 
effect of WEB compared to effect of PAF or (S)-albuterol 
alone.

  Effect of Albuterol Isomers on the Activity of 
Lyso-PAF:Acetyl-S-CoA Acetyltransferase
   Figure 5  shows the amount of PAF synthesized by 

membrane proteins of the treated cells. PAF synthesis 
(n M / � g protein, means  8  SEM) by membrane proteins 
from cells incubated with 5% FBS growth media alone was 
2.86  8  0.93. PAF synthesis by membrane proteins of cells 
treated with the 2  �  M  of racemic albuterol was 6.56  8  
0.78, which was over 3-fold greater than production by cell 
incubated in 5% FBS alone. With 1  �  M  levalbuterol-treat-
ed cells, PAF synthesis was 30% less than synthesis by the 
racemic mixture, but was over 2-fold greater than produc-
tion by 5% FBS-treated cells. Cells incubated with 1  �  M  
(S)-albuterol synthesized the greatest amount at 9.95  8  
1.19 n M  of PAF, which was significantly greater than pro-
duction by any of the other treatment conditions. Thus, 
(S)-albuterol induced the greatest activity of the lyso-
PAF:acetyl-S-CoA acetyltransferase of the treated cells.

  Effect of Albuterol Isomers on the Activity of PAF 
Acetylhydrolase
   Figure 6  shows PAF acetylhydrolase activity in the sol-

uble fraction of cells treated with the albuterol isomers or 
5% FBS control. PAF acetylhydrolase activity (fmol lyso-
PAF/ � g protein) in protein of 5% FBS-treated cells was 
18.0  8  0.69, which was not different from the activity in 
proteins of levalbuterol-treated cells. However, enzyme 
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  Fig. 4.  Western analysis of PAFr protein 
expression by cells incubated for 24 h with 
the albuterol isomers ( a ) and with (S)-al-
buterol and PAF ( b ) normalized to total 
actin expression. Data are means  8  SEM, 
n = 3. Western analyses were done as de-
scribed in Methods. In each panel, the 
lanes are as identified on the plots. In  a , 
(S)-albuterol significantly augmented PAFr 
protein expression compared to effect of 
levalbuterol or the racemic mixture. In  b , 
both PAF and (S)-albuterol augmented 
PAFr protein expression above effect of 
WEB 2170 alone. Inclusion of WEB 2170 in 
co-culture of (S)-albuterol and PAF led to 
a significant attenuation of PAFr protein 
expression below effect of (S)-albuterol 
alone.  a   *  p  !  0.05, different from 5% FBS 
growth media,  +  p  !  0.05, different from 
5% FBS, racemic and levalbuterol;  b   *  p  !  
0.05, dif ferent from WEB 2170; ° p  !  0.05, 
different from PAF and WEB 2170;  +  p  !  
0.05, different from all other conditions. 
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while (S)-albuterol treatment stimulated cell growth. 
The present report is also in agreement with the previous 
reports cited above and further lends some insight in - 
to the biochemical pathways of (S)-albuterol-induced
HBSMC proliferation in culture. It is noteworthy that in 
this study, when (S)-albuterol was co-incubated with 
PAF, a known mitogen, cell proliferation was augmented 
beyond either (S)-albuterol or PAF alone. Thus, even if 
they were stimulating cell proliferation via two different 
pathways, they did not prevent each other’s ability to 
stimulate cell growth. PAF is an endogenous pro-inflam-
matory lipid synthesized by smooth muscle cells, plate-
lets, macrophages and endothelial cells. It is implicated 
in the pathophysiology of asthma  [1, 2]  and its produc-
tion in asthma results in the exacerbation of asthmatic 
airway hyperresponsiveness and inflammation  [11] . We 
found that (S)-albuterol stimulated greater PAF synthesis 
than cells treated with the racemic mixture or leval-
buterol alone. However, levalbuterol-treated cells pro-
duced less PAF than the racemic mixture, suggesting 
that (S)-al buterol present in the racemic mixture may be 
interfering with the ability of levalbuterol to inhibit PAF 
synthesis. Previous reports  [25–27]  have shown that (S)-
albuterol is preferentially metabolized and retained in 
the lung after prolonged use of the racemic albuterol in 
asthma therapy. This suggests that in asthma therapy 
with racemic albuterol, (S)-albuterol present in the race-

activity in protein of cells treated with the racemic mix-
ture or (S)-albuterol-treated cells was significantly less 
than enzyme activity in 5% FBS or levalbuterol. Thus, ra-
cemic mixture and (S)-albuterol treatment inhibited PAF 
acetylhydrolase activity.

  Discussion

  Previous reports have shown that smooth muscle cells 
of systemic  [23]  and pulmonary vascular origin  [20]  syn-
thesize PAF following an appropriate stimulus. In this 
study, we show that albuterol isomers stimulate PAF pro-
duction by HBSMCs in culture. We also demonstrate 
that the racemic mixture and the albuterol isomers, 
leval buterol and (S)-albuterol, produce different effects 
on HBSMCs in culture. In general, (S)-albuterol had 
stimulatory effects on cell proliferation and augmented 
PAF effects on the cells, while levalbuterol had inhibi-
tory effects. In a previous study, Tomlinson et al.  [24]  
showed that salbutamol, the racemic mixture of leval-
buterol and (S)-albuterol, inhibited proliferation of hu-
man airway smooth muscle cells in culture. Later reports 
with HBSMC and racemic mixture of albuterol isomers 
 [9, 10]  corroborated this report by Tomlinson et al.  [24]  
and further showed that treatment of the cells with lev-
albuterol alone resulted in inhibition of cell proliferation, 
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(cAMP) production, by activation of PAF receptor-medi-
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cellular mitogenic proteins  [9, 10] . In the present study, we 
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