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Mechanism of glucocorticoid protection of airway smooth
muscle from proasthmatic effects of long-acting
B2-adrenoceptor agonist exposure

Gustavo Nino, MD, Aihua Hu, MD, PhD, Judith S. Grunstein, MA, and Michael M. Grunstein, MD, PhD  Philadelphia, Pa

Background: Chronic use of long-acting 32-adrenergic receptor
agonists (LABAs), resulting in 32-adrenergic receptor
desensitization, has been associated with increased asthma
morbidity. When LABAs are used in combination with inhaled
glucocorticoids, however, asthma control is improved, raising
the following question: Do glucocorticoids inhibit the
proasthmatic mechanism that mediates altered contractility in
LABA-exposed airway smooth muscle (ASM)?

Objective: This study aimed to identify the potential protective
role and mechanism of action of glucocorticoids in mitigating
the effects of prolonged LABA exposure on ASM constrictor
and relaxation responsiveness.

Methods: Cultured human ASM cells and isolated rabbit ASM
tissues were examined for induced changes in agonist-mediated
cyclic adenosine monophosphate accumulation, constrictor and
relaxation responsiveness, and expression of specific
glucocorticoid-regulated molecules after 24-hour exposure to
the LABA salmeterol in the absence and presence of
dexamethasone.

Results: Salmeterol-exposed ASM exhibited impaired cyclic
adenosine monophosphate and relaxation responses to
isoproterenol and increased acetylcholine-induced contractility.
These proasthmatic effects of prolonged LABA exposure were
attributed to upregulated phosphodiesterase 4 (PDE4) activity
and were ablated by pretreatment with dexamethasone. Further
studies demonstrated that (1) dexamethasone suppressed
activation of the mitogen-activated protein kinases extracellular
signal-regulated kinases 1 and 2 (ERK1/2), which upregulate
PDE4 expression in salmeterol-exposed ASM; and (2) the
inhibitory actions of dexamethasone on salmeterol-induced
ERK1/2 activation and resultant PDE4-mediated changes in
ASM responsiveness were prevented by gene silencing or
pharmacologic inhibition of dexamethasone-induced expression
of mitogen-activated protein kinase phosphatase 1, an
endogenous deactivator of ERK1/2 signaling.

Conclusion: Glucocorticoids prevent the adverse proasthmatic
effects of prolonged LABA exposure on airway responsiveness
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as a result of glucocorticoid-induced upregulation of mitogen-
activated protein kinase phosphatase 1, which inhibits
proasthmatic ERK1/2 signaling in the LABA-exposed ASM.
(J Allergy Clin Immunol 2010 ;uun:mus-mEN,)
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Although inhaled B2-adrenergic receptor (32AR) agonists are
commonly used to treat asthma, their chronic use in long-acting
preparations can result in airway tolerance to B2AR stimulation.
This loss of bronchodilator effect is a result of the development of
homologous B2AR desensitization and has been associated with
worsening of bronchial hyperreactivity and an increased inci-
dence of asthma morbidity.' Conversely, when used in combina-
tion with inhaled glucocorticoids, long-acting B2AR agonists
(LABAs) have been shown to improve asthma control and allevi-
ate airway inflammation.” Apart from reducing inflammation,
the beneficial effects of this combinational therapy may reflect
a complementary interaction between B2AR and glucocorticoid
signaling in regulating airway smooth muscle (ASM) function un-
der proasthmatic conditions.'® Moreover, the therapeutic benefit
of combined glucocorticoid and LABA therapy may also relate
to attenuation of the adverse effects of B2AR desensitization, be-
cause previous studies demonstrated that glucocorticoids can re-
verse B2AR tolerance in isolated human bronchi and small
airways exposed to a short-acting B2AR agonist.'""'* To date,
the role and mechanism by which glucocorticoids potentially mit-
igate the proasthmatic effects of homologous B2AR desensitiza-
tion on ASM constrictor and relaxation responsiveness remains
unidentified.

We recently reported that prolonged exposure of cultured
human ASM (HASM) cells and isolated rabbit ASM tissues to the
LABA, salmeterol, leads to impaired acute B2AR-induced cyclic
adenosine monophosphate (cAMP) accumulation and proasth-
matic changes in ASM tissue responsiveness that are mediated by
upregulated phosphodiesterase 4 (PDE4) activity in the B2AR-
desensitized ASM. "3 Moreover, the increase in PDE4 activity was
attributed to B2AR-induced activation of the inhibitory G protein
By subunit (Gi-By) via cAMP-dependent protein kinase A
(PKA), which then activates the mitogen-activated protein ki-
nases extracellular signal-regulated kinases 1 and 2 (ERK1/2),
which leads to transcriptional upregulation of PDE4 expression. '
Given this new information, the current study was undertaken to
determine the potential role and mechanism of action of glucocor-
ticoids in protecting ASM from the adverse effects of prolonged
homologous B2AR desensitization as a result of LABA exposure
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Abbreviations used
ASM: Airway smooth muscle
B2AR: B2-Adrenergic receptor
cAMP: Cyclic adenosine monophosphate
ERK1/2: Extracellular signal-regulated kinases 1 and 2
HASM: Human airway smooth muscle
LABA: Long-acting 2-adrenergic receptor agonist
MKP-1: Mitogen-activated protein kinase phosphatase 1
PDE4: Phosphodiesterase 4
scRNA: Scrambled RNA
siRNA: Small interfering RNA
Tmax: Maximal isometric contractile force

on ASM responsiveness. The results are the first to demonstrate
that (1) glucocorticoid-treated ASM is protected from the
proasthmatic effects of prolonged exposure to a LABA on ASM
constrictor and relaxation responsiveness, and (2) this protective
action is attributed to glucocorticoid-induced expression of
mitogen-activated protein kinase phosphatase 1 (MKP-1), which
suppresses ERK1/2 signaling and its consequent induction of
PDEA4 activity in the B2AR-desensitized state. These new findings
highlight a heretofore unidentified mechanism that may play a
pivotal role in contributing to the known therapeutic efficacy of
using glucocorticoids in combination with LABAs to treat
asthma, and suggest that interventions targeted at this mechanism
may yield new therapeutic approaches to improve asthma control.

METHODS

Materials

Human ASM cells were obtained from Bio Whittaker, Inc (Walkersville,
Md), and all chemicals were purchased from Sigma-Aldrich (St Louis, Mo)
unless otherwise indicated.

Animals

Sixteen adult New Zealand White rabbits were used in this study, which
was approved by the Biosafety and Animal Research Committee of the
Research Institute at Children’s Hospital of Philadelphia.

Culture and treatment of cells

Human ASM cells were cultured in growth medium supplemented with 10%
FBS (Bio Whittaker, Inc, Walkersville, Md) and maintained in an incubator
containing 5% CO, in air at 37 °C. After attaining ~95% confluence, the cells
were starved in unsupplemented Ham’s F12 media for 24 hours, subsequently
treated with salmeterol or isoproterenol, and then examined for 32AR agonist-
induced cAMP accumulation, PDE activity, ERK1/2 phosphorylation, and
PDE4DS5 mRNA expression under different experimental conditions.

cAMP accumulation and PDE activity

Confluent HASM cells were pretreated for 24 hours with either vehicle
alone or salmeterol (10 pwmol/L) both in the absence and presence of a prede-
termined maximally effective concentration of dexamethasone (1 wmol/L). In
the continued presence of these treatments, cells were subsequently exposed
for 5 minutes to isoproterenol (10 wmol/L), and intracellular cAMP levels
were detected by using a cAMP enzyme immunoassay kit (R&D Systems,
Minneapolis, Minn).'>'* In separate studies, total cCAMP PDE activity was
measured in cell lysates by using a colorimetric enzymatic assay (Biomol, Ply-
mouth Meeting, Pa)'? after exposure of cells for 24 hours to vehicle, salme-
terol, or isoproterenol in the absence or presence of dexamethasone under
different cotreatment conditions, as described. The levels of cAMP and
PDE activity were standardized to the cellular protein content.
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Detection of PDE4D5 mRNA

As previously described,'*'* PDE4DS5 transcripts were detected after
extraction of total RNA, and cDNAs were isolated by RT-PCR using the Super-
script First Strand Synthesis System kit (Invitrogen, Carlsbad, Calif), with the
following oligonucleotide primer sets (Integrated DNA Technologies, Coral-
ville, Iowa): for PDE4DS5, 5’ -TGCCAGCTGTACAAAGTTGACC-3’ (forward)
and 5’ TTCTCGGAGAGATCACTGGAGA-3’ (reverse); and for B-actin, 5'-GA
GAAGAGCTACGAGCTGCCTGAC-3" (forward) and 5'-CGGAGTACTT
GCGCTCAGGAGGAG-3' (reverse). The reaction volume was 20 pL, and
cycling conditions used were 35 cycles of 30-second denaturation at 95 °C, fol-
lowed by 30-second annealing at 60 °C and elongation at 72 °C for 30 seconds.
Ex-Tag (Takara Biotechnology, Pittsburgh, Pa) was used as DNA polymerase.

Protein expression of ERK1/2 and MKP-1

Phosphorylated and total ERK1/2 and MKP-1 protein levels were detected
by Western blotting in HASM cells before and after treatment with salmeterol,
isoproterenol, or dexamethasone alone and in combination. After protein
extraction, lysates were loaded on a 10% SDS-PAGE gel for immunoblotting
and, after transfer to a polyvinylidene fluoride membrane, membranes were
incubated overnight with monoclonal mouse antihuman primary antibodies
directed against phospho-ERK1/2 and total ERK1/2, or a polyclonal goat
antihuman primary antibody directed against MKP-1 (Imgenex Corp, San
Diego, Calif). Extracellular signal-regulated kinase levels were detected by
enhanced chemiluminescence after incubation with a 1:2000 dilution of horse-
radish peroxidase—conjugated rabbit antimouse secondary antibody, followed
by exposure to autoradiography film. MKP-1 levels were detected with the
Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, Neb) by us-
ing a 1:10,000 dilution of donkey anti-goat secondary antibody. The protein
band intensities were quantified by densitometry.

Small interfering RNA knockdown of MKP-1

Human ASM cells were seeded into 6-well plates and, at ~40% confluency,
the medium was replaced with the reduced serum-containing medium Opti-
MEM (Invitrogen, Carlsbad, Calif). As previously clescribed,”‘14 cells were
then transfected twice during a 24-hour interval with a pool of 3 small interfering
RNA (siRNA) duplexes targeted against human MKP-1 (Applied Biosystems,
Foster City, Calif; siRNA identification nos. 5173,105846, and 146461), or
with a nontargeted scrambled RNA (scRNA) duplex serving as a negative
control, using Oligofectamine (Invitrogen, Carlsbad, Calif) as the transfection
agent. Each siRNA preparation was administered in a final concentration of
100 nmoV/L. In separate experiments, isolated rabbit ASM tissues were similarly
transfected with the same siRNA preparations. On the basis of preliminary
studies, this transfection approach was found to greatly enhance transfection
efficiency, with dexamethasone-induced MKP-1 protein expression inhibited
by 78% to 91% in the siRNA-treated cells, and MKP-1 mRNA expression in-
hibited by 64% to 79% in the ASM tissues.

Pharmacodynamic studies of constrictor and

relaxation responsiveness in rabbit ASM tissues
After initial general anesthesia with intramuscular ketamine (50 mg/kg),
rabbits were killed with an intravenous overdose of sodium pentobarbital (100
mg/kg). As previously described,'® ' the tracheae were excised, loose connec-
tive tissue and epithelium were removed, and the tracheae were divided into
ring segments that were incubated for 24 hours with either vehicle (control)
or salmeterol, each administered under different pretreatment conditions, as
described. The tissues were then placed in organ baths containing the same
concentrations of their respective pharmacological treatments in modified
Krebs-Ringer solution aerated with 5% CO, in O, and attached to force trans-
ducers to monitor isometric tension. Cholinergic contractility to cumulatively
administered acetylcholine (10_9 to 1073 mol/L) was assessed and, after
rinsing with fresh buffer to remove the administered acetylcholine, the phar-
macologic agents were immediately reintroduced into the organ baths and,
~ 20 minutes thereafter, relaxation dose-response curves to isoproterenol
(107° to 10™* mol/L) were generated after the tissues were initially half-
maximally contracted with acetylcholine. The constrictor and relaxation
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FIG 1. Dexamethasone (DEX) prevents impaired acute B2AR-induced
cAMP accumulation in salmeterol-exposed HASM cells. In contrast with
control cells, acute isoproterenol (ISO)-induced cAMP accumulation is sup-
pressed in HASM cells pre-exposed for 24 hours to salmeterol. By compar-
ison, 1ISO-induced cAMP accumulation is preserved in salmeterol-exposed
HASM cells that are cotreated with DEX. Data represent means + SEs from
4 paired experiments. **P < .01 compared with untreated cells by using the
paired t test.

dose-response curves were analyzed with respect to each tissue’s maximal iso-
metric contractile force (Tmax) to acetylcholine and maximal relaxation re-
sponse to isoproterenol.

Statistical analyses

Results are expressed as means *= SEs. Comparisons between groups were
made by using the Student # test (2-tailed) or ANOVA with Tukey posttest anal-
ysis, where appropriate. A probability of < .05 was considered statistically sig-
nificant. Statistical analyses were conducted by using the Prism computer
program by Graph Pad Software Inc (San Diego, Calif).

RESULTS
Glucocorticoid prevention of homologous R2AR
desensitization in HASM cells

To evaluate the role of glucocorticoids in modulating ASM
function in the B2 AR-desensitized state, we initially examined the
effect of pretreatment with dexamethasone on isoproterenol-
induced cAMP accumulation in HASM cells after their prolonged
homologous B2AR desensitization. Accordingly, acute changes in
intracellular cAMP accumulation, detected at 5 minutes after
administration of a near half-maximal effective concentration of
isoproterenol (1.0 p,mol/L),B’14 were compared in HASM cells
that were pretreated for 24 hours with either vehicle alone (con-
trol) or a maximally effective concentration of the LABA salme-
terol (10 pdmol/L)13 both in the absence and presence of
cotreatment with dexamethasone. As shown in Fig 1, without dex-
amethasone, salmeterol-exposed HASM cells exhibited homolo-
gous B2AR desensitization, as evidenced by markedly suppressed
cAMP responses to isoproterenol relative to those detected in con-
trol cells. Contrasting these observations, the cAMP responses to
isoproterenol were preserved in salmeterol-exposed cells that
were cotreated with a predetermined maximally effective concen-
tration of dexamethasone (1 pmol/L), and similar to those de-
tected in cells exposed to dexamethasone alone.

Glucocorticoids prevent altered ASM
responsiveness induced by prolonged R2AR
desensitization

We recently demonstrated that prolonged exposure of isolated
rabbit ASM tissues to salmeterol elicits proasthmatic-like
changes in ASM constrictor and relaxation responsiveness that
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FIG 2. Dexamethasone (DEX) prevents salmeterol (SAL)-induced changes
in agonist responsiveness in rabbit ASM tissues. Relative to controls,
ASM tissues exposed to SAL exhibit significantly increased contractility
to acetylcholine (ACh; A) and impaired relaxation to isoproterenol (B). Pre-
treatment with either rolipram or DEX prevents the SAL-induced changes in
ASM responsiveness. Data represent means = SEs from 6 to 7 experiments.
ANOVA used for multiple comparisons of mean Tmax values.

are prevented by pretreating the tissues with the selective PDE4
inhibitor rolipram.'? To determine whether glucocorticoids exert
a comparable protective action, agonist-induced constrictor and
relaxation responses were compared in isolated rabbit ASM
tissues that were exposed for 24 hours to either vehicle alone
(control) or salmeterol (10 pmol/L), both in the absence and pres-
ence of pretreatment with either dexamethasone (1 pwmol/L) or
rolipram (10 pmol/L). Relative to their respective controls, the
salmeterol-exposed ASM tissues exhibited significantly in-
creased constrictor responsiveness to cumulative administration
of acetylcholine (Fig 2, A), yielding a mean = SE Tmax of
136.0 = 10.3 versus 110.7 = 7.2 g/g ASM weight in the control
tissues (P <.05). Similar to the inhibitory effect of pretreatment
with rolipram,'? this enhanced constrictor responsiveness was
also completely abrogated in salmeterol-exposed tissues that
were pretreated with dexamethasone.

Under the same treatment conditions, cumulative administra-
tion of isoproterenol produced dose-dependent acute relaxation of
preconstricted ASM segments (Fig 2, B). Relative to controls, the
relaxation responses were significantly attenuated in the
salmeterol-exposed tissues, consistent with their development
of homologous B2AR desensitization. Accordingly, the mean *+
SE maximal relaxation response in the salmeterol-exposed tissues
amounted to 27.8 = 4.9% versus 44.2 £ 5.5% in the controls
(P < .05). This impaired relaxant responsiveness was also
completely abrogated in salmeterol-exposed tissues that were
pretreated with either rolipram or dexamethasone. Of note, in
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FIG 3. Dexamethasone (DEX) prevents B2AR agonist-induced upregulation
of PDE4 in HASM cells. Relative to untreated controls, PDE4AD5 mRNA
expression (A) and cAMP PDE activity (B) are upregulated in HASM cells
exposed to either salmeterol or isoproterenol. 32AR agonist-induced upre-
gulation of PDE4DS5 transcripts and PDE activity is abrogated in cells pre-
treated with DEX. Data are means = SEs from 5 experiments. **P < .01
compared with untreated cells by using the paired t test.

separate experiments, relative to controls, ASM tissues that were
treated with either dexamethasone or rolipram alone showed no
significant changes in responsiveness to either acetylcholine or
isoproterenol (data not shown).

Glucocorticoid suppression of PDE4 expression in
R2AR-desensitized ASM

Because transcriptional upregulation of PDE4 was found to
mediate the above rolipram-sensitive changes in ASM responsive-
ness after its prolonged homologous or heterologous B2AR
desensitization,'>'* we next examined whether dexamethasone
modulates PDE4 expression in the B2AR-desensitized state.
HASM cells were initially exposed to vehicle, salmeterol
(10 pmol/L), or the shorter-acting B2AR agonist isoproterenol (10
pmol/L), all in the absence and presence of cotreatment with dex-
amethasone (1 pwmol/L), and then examined for induced changes
in mRNA expression of PDE4DS5, the functionally relevant
PDE4 isoform in HASM." As previously described,'? relative to
control cells (Fig 3, A, lane 1), HASM cells exposed to either iso-
proterenol or salmeterol for 6 hours (ie, time to maximal response)
exhibited upregulated expression of PDE4DS5 mRNA transcripts
(lanes 2 and 3). Whereas constitutive transcript levels were essen-
tially unaltered in cells exposed to dexamethasone alone (lane 4),
induction of PDE4D5 mRNA transcripts by the B2AR agonists was
completely suppressed in cells that were cotreated with dexameth-
asone (lanes 5 and 6). As shown in Fig 3, B (open bars), compara-
ble changes in total cCAMP PDE activity were also detected under
these experimental conditions. Accordingly, relative to control
cells, HASM cells exposed for 24 hours to either isoproterenol
or salmeterol exhibited similar significant increases in PDE activ-
ity that averaged approximately 2-fold above control (P <.01). Ba-
sal PDE activity was little affected in cells that were treated with
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FIG 4. A, HASM cells exposed to either salmeterol or isoproterenol exhibit
increased ERK1/2 phosphorylation that is prevented by pretreating the
B2AR agonist-exposed cells with dexamethasone (DEX). B, Corresponding
densitometric analysis demonstrates similar increases in ERK1/2 phospho-
rylation (p-ERK1/2) in salmeterol-exposed and isoproterenol-exposed cells
that are prevented by pretreatment with DEX. Data are means + SEs from 4
determinations under each treatment condition. * P<.05 compared with un-
treated cells by using the paired t test.

dexamethasone alone, whereas induction of PDE activity by the
B2AR agonists was completely abrogated in ASM cells that
were cotreated with dexamethasone (Fig 3, B, filled bars).

Glucocorticoid suppression of ERK1/2 activation in
R2AR-desensitized ASM

In relation to the above observations, it should be noted that we
previously demonstrated that the salmeterol-induced upregula-
tion of PDE4 activity and associated PDE4-dependent changes
in ASM constrictor and relaxation responsiveness are completely
prevented by pretreating the ASM tissues with an inhibitor of ei-
ther PKA or ERK1/2, and that these effects are reflective of PKA-
dependent ERK1/2 activation in the B2AR-desensitized ASM."?
Given this evidence, we examined whether B2AR agonist—
induced activation of ERK1/2 is glucocorticoid-sensitive. As pre-
viously described,'? treatment of HASM cells with 10 pmol/L of
either isoproterenol or salmeterol acutely elicits increased phos-
phorylation of ERK1/2 proteins that peaks at 20 minutes and is
sustained for at least 80 minutes. Accordingly, the effect of
pretreatment with dexamethasone (1 wmol/L X 24 hours) on
ERK1/2 phosphorylation was assessed in HASM cells at 60 min-
utes after exposure to 10 wmol/L salmeterol or isoproterenol. A
representative immunoblot in Fig 4, A, demonstrates that, relative
to control cells (lane 1), B2AR agonist—exposed cells exhibit in-
creased ERK1/2 phosphorylation (lanes 2 and 3) and, although
pretreatment with dexamethasone alone has no effect (lane 4),
the induction of ERKI1/2 phosphorylation is suppressed in
B2AR agonist—exposed cells that are pretreated with dexametha-
sone (lanes 5 and 6). The results obtained in 4 experiments dem-
onstrated that isoproterenol and salmeterol elicited similar
increases in ERKI1/2 phosphorylation, expressed as fold-
changes in the densitometric ratios of phosphorylated ERK1/2
to total ERK1/2, that averaged ~1.8-fold above that detected in
control cells (P < .01), and that, in contrast with the lack of effect
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FIG 5. A, Dexamethasone (DEX)-induced upregulation of MKP-1 protein is prevented in HASM cells trans-
fected with MKP-1 siRNA duplexes. DEX-induced suppression of upregulated ERK1/2 phosphorylation
(B) and PDE4D5 mRNA (C) expression in salmeterol-exposed cells is abrogated by transfection with
MKP-1 siRNAs, whereas transfection with scRNA (negative control) has no effect. D, DEX-induced suppres-
sion of upregulated PDE activity in salmeterol-exposed cells is prevented by transfection with the MKP-1
siRNAs or by pretreatment with Ro-31-8220. Data are means = SEs from 5 experiments. **P< .01 compared

with untreated cells by using the paired t test.

of dexamethasone alone, 32AR agonist—induced phosphorylation
of ERK1/2 was completely suppressed in HASM cells that were
pretreated with dexamethasone (Fig 4, B). Thus, these data dem-
onstrate that B2AR agonist-induced ERK1/2 activation in HASM
cells is glucocorticoid-sensitive.

MKP-1 mediates glucocorticoid suppression of
ERK1/2 signaling and PDE4 expression in R2AR-
desensitized ASM

Because glucocorticoids evoke synthesis of the dual-specificity
phosphatase, MKP-1, which acts as a potent endogenous deac-
tivator of ERK1/2 signaling by dephosphorylating its tyrosine and
threonine residues,'® we next examined whether dexamethasone-
induced suppression of ERK1/2-coupled upregulation of PDE4 in
B2AR-desensitized HASM cells is mediated by altered MKP-1 -
expression. As previously documented,'”'® our initial studies
demonstrated that dexamethasone (1 pmol/L) acutely elicited in-
creased MKP-1 protein expression in HASM cells that peaked at 2
hours and, as exemplified in Fig 5, A, this dexamethasone-induced
MKP-1 expression was markedly suppressed (ie, between 78%
and 91%) in cells that were transfected with a pool of 3 siRNA
duplexes directed against human MKP-1. By comparison, trans-
fection with a scrambled siRNA sequence (scRNA) serving as
an inert negative control had no effect on dexamethasone-
induced MKP-1 expression (data not shown). Accordingly, these
siRNA preparations were then used to ascertain the role of MKP-
1 in mediating dexamethasone-induced inhibition of ERK1/2
activation, PDE4D5 expression, and cAMP PDE activity in
salmeterol-exposed HASM cells. Fig 5, B, demonstrates that

dexamethasone-induced inhibition of salmeterol-evoked ERK1/
2 activation was prevented in HASM cells that were pretreated
with the MKP-1 siRNAs, or with the nonselective MKP-1 inhibi-
tor Ro-31-8220 (5 pvmol/L).19 Comparably, suppression by dexa-
methasone of salmeterol-induced PDE4D5 mRNA expression
was prevented in HASM cells transfected with the MKP-1 siR-
NAs, whereas transfection with scRNA had no effect (Fig 5, C).
Finally, dexamethasone-induced suppression of upregulated
PDE activity in salmeterol-exposed cells was also abrogated ei-
ther by transfection with the MKP-1 siRNAs (whereas scRNA
transfection had no effect) or by pretreatment with Ro-31-8220
(Fig 5, D).

MKP-1 mediates glucocorticoid-induced
suppression of altered responsiveness in R2AR-
desensitized ASM

To ascertain the physiological relevance of these observations,
we next examined whether suppression of MKP-1 impairs the
ability of dexamethasone to prevent the PDE4-dependent changes
in ASM responsiveness elicited in the B2AR-desensitized state (as
depicted in Fig 2). In these studies, agonist-induced ASM constric-
tor and relaxation responses were compared in rabbit ASM tissues
that were exposed to salmeterol (10 pmol/L X 24 hours) after ini-
tial transfection with either scRNA (control) or the siRNA du-
plexes directed against MKP-1. Fig 6 demonstrates that, relative
to controls, the significantly increased constrictor responses to ace-
tylcholine (Fig 6, A) and impaired relaxation responses to isopro-
terenol (Fig 6, B) were abrogated in salmeterol-exposed ASM
tissues that were pretreated with dexamethasone (1 wmol/L),
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FIG 6. MKP-1 siRNA prevents dexamethasone (DEX)-induced suppression
of the proasthmatic effects of salmeterol (SAL) on ASM responsiveness.
Rabbit ASM tissues exposed to salmeterol exhibit significantly increased
contractility to acetylcholine (ACh; A) and impaired relaxation responses
to isoproterenol (B) that are prevented by pretreatment with DEX. The pro-
tective effects of DEX are abrogated in SAL-exposed tissues transfected
with MKP-1 siRNAs. Data are means * SEs from 5 to 7 paired experiments.
ANOVA used for multiple comparisons of mean Tmax values.

and that the latter protective effects of dexamethasone were ab-
lated in salmeterol-exposed tissues that were transfected with the
MKP-1 siRNA preparations. In relation to these observations, it
should be noted that in separate studies conducted on control
and salmeterol-exposed ASM tissues that were not pretreated
with dexamethasone, neither transfection with the MKP-1 siRNAs
nor scRNA had a significant effect on the tissues’ constrictor or re-
laxation responses (data not shown). Collectively, these data sup-
port the concept that prevention of the PDE4-mediated changes in
ASM responsiveness elicited in the B2AR-desensitized state by
dexamethasone is attributed to its induced upregulation of MKP-
1, which suppresses ERK1/2 activation and its associated induc-
tion of PDE4 in the 32AR-desensitized ASM.

DISCUSSION

Chronic use of LABAs to treat asthma has been associated
with impaired bronchodilation, heightened bronchoconstriction,
and an increase in asthma morbidity,l'3 presumably reflecting the
adverse effects of prolonged homologous B2AR desensitization
of the airways.* Although mechanisms implicated in mediating
acute homologous desensitization of the B2AR in ASM are
well described, including uncoupling of the 32AR from the stim-
ulatory G protein, Gs, as a result of its phosphorylation by G pro-
tein—coupled receptor kinases and cAMP-dependent PKA,*202!
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these mechanisms do not readily explain the worsening of
asthma symptoms caused by chronic use of LABAs. In this
regard, we recently demonstrated that the induction of B2AR
desensitization in ASM after its prolonged exposure to a
LABA, as well as other cAMP-elevating agents, is associated
with proasthmatic-like changes in ASM responsiveness that are
mediated by upregulated PDE4 activity evoked by cross-talk be-
tween the PKA and ERK1/2 signaling pathways, which leads to
transcriptional upregulation of PDE4D5."*'* We now provide
new evidence that identifies the role and mechanism of action
of glucocorticoids in preventing the proasthmatic effects of
LABA exposure on ASM function. Specifically, the current re-
sults demonstrate that (1) dexamethasone prevents the induction
of PDE4-mediated changes in ASM responsiveness evoked by
prolonged exposure to the LABA salmeterol, and (2) this protec-
tive action of dexamethasone is attributed to its induced upregu-
lation of MKP-1, which suppresses ERK1/2 activation and its
consequent upregulation of PDE4 activity. These findings are
the first to highlight a heretofore unidentified mechanism of
action of glucocorticoids in ASM that may fundamentally con-
tribute to the reported improved asthma control and reduced
risk of severe asthma morbidity in patients using LABAs in com-
bination with inhaled glucocorticoids.’ ©

Although an earlier study suggested that reversal of B2AR
desensitization in human airways by glucocorticoid administra-
tion may be related to upregulation of B2AR expression,“ more
recent studies have reported that the protective effects of gluco-
corticoids in B2AR-desensitized rodent lung tissue*” and human
small airways12 are not readily attributed to glucocorticoid-
induced changes in B2AR expression, implying that glucocorti-
coids likely exert their protective action in ASM via an alternative
mechanism. Our present observations demonstrated that (1) pre-
treatment with dexamethasone prevented the rolipram-sensitive
changes in constrictor and relaxation responsiveness exhibited
in homologous B2AR-desensitized ASM (Fig 2), and (2) the pro-
tective action of dexamethasone was associated with its inhibition
of upregulated PDE4D5 expression and cAMP PDE activity
(Fig 3), coupled with inhibition of ERK1/2 activation (Fig 4), in
the B2AR-desensitized state. These observations raise certain rel-
evant considerations. Accordingly, it should be noted that,
although the assay used herein measured total PDE activity, we
previously demonstrated that the upregulated PDE activity
elicited in homologous 32AR-desensitized ASM is specifically
attributed to PDE4, because it is completely inhibited by pretreat-
ing salmeterol-exposed HASM cells with the PDE4-selective in-
hibitor rolipram.'® Moreover, the PDE4 activity most likely
reflects that of PDE4DS5 because it is the functionally relevant iso-
form in HASM cells.! In relation to this evidence, it is notewor-
thy that recent studies have identified that PDE4 activity plays a
critical role in regulating ASM contractility,23 and that upregu-
lated PDE4 activity mediates the constrictor hyperresponsiveness
of the airways accompanying allergen challenge in subjects with
asthma* and in animal models of allergic asthma.?>?° Moreover,
in concert with our current findings, other studies have reported
that glucocorticoids inhibit the upregulated PDE4 activity de-
tected in the lungs of rodent models of allergic asthma.?’*® Given
these findings, together with those of the current study, it is rea-
sonable to speculate that (1) the induction of altered airway re-
sponsiveness after exposure to either a LABA or allergen in the
sensitized asthmatic state is attributed to the same downstream
mechanism that mediates upregulated PDE4 activity in ASM
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under these proasthmatic conditions, and (2) the bronchoprotec-
tive effect of glucocorticoids on airway function is a result, at least
in part, of the same mechanism that mediates glucocorticoid-
induced suppression of PDE4 activity in ASM under these
conditions. These possibilities remain to be systematically
investigated.

The anti-inflammatory actions of glucocorticoids, including in
ASM,m’30’31 are mediated by activation of the intracellular
glucocorticoid receptor, which serves both to suppress transacti-
vation of various key proinflammatory transcription factors and
to promote transcription of genes that can acutely modulate the
activities of various intracellular signaling cascades.’*> Acute
glucocorticoid induction of gene expression involves homodime-
rization of the activated glucocorticoid receptor complex, its
nuclear translocation, and binding to palindromic glucocorticoid
response elements in the promotor region of various
glucocorticoid-responsive immediate-early response genes. The
archetype of these glucocorticoid-induced immediate-early re-
sponse genes is MKP-1, which was found to have at least 3 puta-
tive glucocorticoid response elements in its promotor region.34
MKP-1 dephosphorylates activated mitogen-activated protein
kinases and thereby serves a crucial anti-inflammatory function,'®
including in ASM.'71835 Our current results support the concept
that glucocorticoid-induced upregulation of MKP-1 and its con-
sequent attenuation of ERK1/2 signaling play a pivotal role in
preventing the PDE4-dependent changes in ASM constrictor
and relaxation responsiveness that accompany prolonged homol-
ogous B2AR desensitization. Specifically, the results demon-
strated that (1) inhibition of MKP-1 activity by siRNA silencing
of MKP-1 expression, or by the nonselective inhibitor Ro-31-
8220, abrogated dexamethasone-induced suppression of ERK1/
2 activation and its coupled upregulation of PDE4D5 expression
and PDE4 activity in salmeterol-exposed HASM cells (Fig 5); and
(2) dexamethasone-induced suppression of the PDE4-mediated
changes in constrictor and relaxation responsiveness in
salmeterol-exposed ASM tissues was also abrogated by siRNA
silencing of MKP-1 (Fig 6). Of note, these observations are con-
sistent with those in previous studies reporting that ERK1/2 acti-
vation plays a crucial role in regulating the synthesis and activity
of PDE4 in ASM'*'*3%37 and in mediating airway hyperreactiv-
ity in vivo and altered ASM responsiveness in vitro in response to
different proasthmatic stimuli,*®*! and that glucocorticoids in-
hibit ERK1/2 activation by upregulating MKP-1 under various
proinflammatory conditions in different cell systems,'®** includ-
ing ASM.'® Notwithstanding these considerations, it is important
to indicate that the nature of LABA exposure and its effects exam-
ined under the ex vivo conditions herein may be significantly dif-
ferent from that related to LABA use in human beings with
asthma wherein, moreover, the presence of allergic airway in-
flammation may further modulate 2AR function.

In conclusion, this study is the first to report that (1)
glucocorticoids prevent the PDE4-dependent proasthmatic
changes in ASM responsiveness that accompany 82AR tolerance
induced by prolonged exposure to a LABA, and (2) this
protective action of glucocorticoid is attributed to its induction
of MKP-1 and, consequently, inhibition of ERKI1/2-coupled
upregulation of PDE4 activity in the B2AR-desensitized ASM.
These novel findings highlight a heretofore unidentified mech-
anism by which glucocorticoids suppress the proasthmatic
effects of prolonged airway exposure to a LABA on airway
responsiveness. Thus, future interventions targeted at this
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mechanism may provide new therapeutic approaches to improve
asthma control.

‘We thank David Kaltman for his technical assistance.

Key messages

o Glucocorticoids prevent the proasthmatic effects of
prolonged homologous 32AR desensitization as a result
of exposure to a LABA on ASM function.

This attributed to

bronchoprotective action is

glucocorticoid-induced upregulation of MKP-1 expres-
sion, which inhibits ERK1/2 activation and its consequent
induction of PDE4-mediated changes in ASM responsive-
ness in the B2AR-desensitized state.

Clinical implications: This newly identified mechanism of glu-
cocorticoid action in preventing the proasthmatic effects of
LABA exposure on ASM responsiveness may play a pivotal
role in contributing to the therapeutic efficacy of using glucocor-
ticoids in combination with LABAs for asthma control. Future
interventions targeted at this mechanism may provide new ap-
proaches to treat asthma.
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