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Background: Adult human airway smooth muscle (ASM) 
produce cytokines involved in recruitment and survival of leu-
kocytes within airway walls. Cytokine generation by adult ASM 
is glucocorticoid-sensitive. Whether developing lung ASM pro-
duces cytokines in a glucocorticoid-sensitive fashion is unknown.
Methods: Cultured fetal human ASM cells stimulated with 
TNF-α (0–20 ng/ml) were incubated with TNF-α receptor-
blocking antibodies, fluticasone (1 and 100 nm), or vehicle. 
Supernatants and cells were assayed for the production of 
CCL5, CXCL10, and CXCL8 mRNA and protein and glucocorti-
coid receptor phosphorylation.
Results: CCL5, CXCL10, and CXCL8 mRNA and protein 
production by fetal ASM cell was significantly and dose-
dependently following TNF-α treatment. Cytokine mRNA 
and protein production were effectively blocked by TNF-α R1 
and R2 receptor neutralizing antibodies but variably inhib-
ited by fluticasone. TNF-α-induced TNF-R1 and R2 receptor 
mRNA expression was only partially attenuated by fluticasone. 
Glucocorticoid receptor phosphorylation at serine (Ser) 211 
but not at Ser 226 was enhanced by fluticasone.
Conclusion: Production of CCL5, CXCL10, and CXCL8 by 
fetal ASM appears to involve pathways that are both qualita-
tively and mechanistically distinct to those described for adult 
ASM. The findings imply developing ASM has potential to 
recruit leukocyte into airways and, therefore, of relevance to 
childhood airway diseases.

Childhood asthma and chronic lung disease of prematu-
rity (CLD) are characterized by airway wall injury, airway 

inflammation, and airway wall thickening largely due to an 
increased amount of airway wall smooth muscle (ASM) (1–4). 
However, mechanisms of airway injury and pattern of inflam-
mation in these disorders are distinct (5,6). Childhood asthma 
is characterized by increased numbers of airway eosinophils and 
mast cells and cytokines such as CCL5, CXCL10, and CXCL8, 
whereas CLD is characterized by increased numbers of airway 
neutrophils and increased levels of CXCL8 and CXCL10 (5,6).

In adults, ASM cells have been linked with generation of 
eosinophil chemo-attractants and survival factors including 
IL-1β, CXCL8, CCL5, and CXCL10 (7–9). Consequently, ASM 
cell-mediated inflammation is a recognized treatment target 
in adult asthma (7–9). Whether ASM cells in children with 
asthma or CLD are involved in pulmonary inflammation is 
unknown. Previously, we have shown that unlike adult ASM 
tissue, developing human ASM is myogenic and that in cell 
culture, fetal ASM cells are smaller than adult counterparts 
(10–12). In addition, we have found that fetal ASM prolifera-
tion in vitro is relatively resistant to glucocorticoid treatment 
(10). Age-related phenotype differences imply that pharmaco-
logical responses observed in adult ASM may not extrapolate 
to neonatal or pediatric ASM.

Synthetic glucocorticoid (GC) drugs are commonly used 
to dampen airway inflammation in children with asthma and 
CLD (13,14). However, protracted therapy with GC drugs in 
CLD is associated with serious and life-long sequelae, specifi-
cally, neurological handicap (14,15). While it may be possible 
to refine use of GC drugs in childhood respiratory disorders 
and so reduce the risk of side effects, there is little data about 
their effects and mechanism of action in developing lung tissue 
such as ASM. In this study, we show that generation of TNF 
CCL5, CXCL8, and CXCL10 fetal human ASM is significantly 
increased by TNF-α stimulation. Moreover, we show that 
TNF-α-induced cytokine production is only partially inhib-
ited by fluticasone treatment, demonstrating that developing 
ASM cells have a somewhat reduced sensitivity to GC drugs. 
Our findings may help explain the clinical observation that 
synthetic GC therapy in children with asthma or CLD has lim-
ited efficacy, and points to a potential mechanism for further 
exploration to overcome limitations of GC treatment.

RESULTS
Fluticasone Inhibits CXCL8, CCL5, and CXCL10 Production by 
TNF-α Induced Fetal ASM
Supernatants from unstimulated fetal ASM cells contained 
CXCL8 and CXCL10 and, in lower concentrations, CCL5 
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(Figure 1a). Compared to fetal ASM cells treated with vehi-
cle alone, treatment of cells with TNF-α (0, 1, 4, or 20 ng/ml) 
resulted in a dose-dependent increase in production of all three 
cytokines. Concentrations of CXCL10, CXCL8, and CCL5 in 
supernatants bathing cells stimulated with 20 ng/ml TNF-α 
were (mean ± SEM) 9,273 ± 680, 6,112 ± 537, and 3,809 ± 419 
pg/ml, respectively, and significantly greater than found in 
supernatants from unstimulated cells (P < 0.01 for each cyto-
kine). Concentrations of CXCL8 and CXCL10 appeared to pla-
teau with increasing doses of TNF-α; there was no evidence 
of a plateau effect with CCL5 (Figure 1). We also assessed 
the effect of fluticasone on TNF-α-induced chemokine pro-
duction. Fluticasone at concentrations of 1 and 100 nmol/l 
reduced TNF-α (20 ng/ml) induced CXCL10, CXCL8, and 
CCL5 (Figure 1b–d respectively). Fluticasone (100 nmol/l) 
treatment reduced CXCL10, CXCL8, and CCL5 production 
by 50, 25, and 85% respectively compared to fetal ASM cells 
treated with TNF-α alone, P < 0.01 for each cytokine compared 
to cells not treated with fluticasone.

Fluticasone Inhibits CXCL8, CCL5, and CXCL10 mRNA Expression 
by TNF-α Stimulated Fetal ASM
TNF-α stimulation (0, 1, 4, or 20 ng/ml) induced a dose-
dependent increase in expression of CXCL8 and CXCL10 and 
CCL5 mRNA by fetal ASM cells compared to fetal ASM cells 

treated with vehicle alone). Expression of CXCL10, CXCL8, 
and CCL5 mRNA by cells stimulated with 20 ng/ml TNF-α was 
significantly greater than by vehicle-treated cells (P < 0.01 for 
each cytokine). Pretreatment of fetal ASM with 1 or 100 nmol/l 
fluticasone reduced TNF-α-induced expression of cytokine 
mRNA (Figure 2). For all three cytokines, P < 0.01 comparing 
fetal ASM cells treated with 100 nmol/l fluticasone and those 
treated with vehicle. CXCL8 and CXCL10 mRNA expression 
was reduced by ≥ 50% only in cells treated with 100 nmol/l 
fluticasone. In contrast, treatment of fetal ASM with 1 nmol/l 
fluticasone resulted in a 51% relative reduction in expression 
of CCL5 mRNA (Figure 2), with no further reduction in CCL5 
mRNA expression observed in cells treated with 100 nmol/l 
fluticasone.

TNF-α Receptor Blockade Abrogates TNF-α Stimulated CXCL8, 
CCL5, and CXCL10 Protein and mRNA Expression by Fetal ASM
CXCL8, CCL5, and CXCL10 mRNA expression and protein 
production by TNF-α stimulated fetal ASM cells was effectively 
abolished by pretreatment of cells with anti-TNFR1 and/or anti-
TNFR2 antibody (Figure 3). Protein and mRNA production 
of all three cytokines was significantly lower in fetal ASM cells 
incubated with both blocking antibodies prior to TNF-α stimu-
lation compared to cells stimulated with TNF-α and pretreated 
with vehicle, P < 0.01 for all comparisons. Pretreatment with 

Figure 1.  Fluticasone inhibits TNF-α-induced CXCL10, CXCL8, and CCL5 
production by fetal human airway smooth muscle (ASM) cells. Quiescent 
fetal ASM cells generated small amounts of CXCL10 (∆), CXCL8 (X), and 
CCL5 (□), protein (panel a). Stimulation with TNF-α resulted in a dose-
dependent increase in production of all three cytokines. Fluticasone (FP) 
attenuated TNF-α (20 ng/ml) stimulated production of CXCL10, CXCL8, 
and CCL5 by 50, 25, and 85% respectively (panels b–d). Note fetal ASM 
cells were treated with vehicle or TNF-α following pretreatment (1 h) 
with vehicle or fluticasone. Supernatant chemokine concentrations were 
determined by enzyme-linked immunosorbent assay as described in the 
Methods section and expressed in picograms per milliliter ± SEM of three 
separate experiments, *P < 0.05, **P < 0.01.
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Figure 2.  Fluticasone inhibits TNF-α-induced CXCL10, CXCL8, and 
CCL5 mRNA expression by fetal human airway smooth muscle (ASM) 
cells. Quiescent fetal ASM cells expressed little CXCL10 (∆), CXCL8 (X), 
and CCL5 (□) mRNA under basal conditions (panel a). Stimulation with 
TNF-α-induced dose-dependent increases in mRNA expression of all 
three cytokines. Fluticasone (FP, 1 and 100 nmol/l) significantly reduced 
TNF-α-induced cytokine mRNA expression (panels b–d). Note fetal ASM 
cells were treated with vehicle or TNF-α (1–20 ng/ml) following pretreat-
ment (1 h) with vehicle or fluticasone. Cytokine mRNA expression was 
determined 6 h following TNF-α stimulation by RT-PCR as described in 
the Methods section and expressed as cytokine/β-actin mRNA ratio {plus 
minus} S.E.M. of three separate experiments, *P < 0.05, **P < 0.01.
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anti-TNFR1 or anti-TNFR2 antibody both abolished TNF-α 
stimulated CXCL10 CXCL8 and CCL5 mRNA expression and 
protein production as effectively as pretreatment with anti-
TNFR1 and anti-TNFR2 antibodies, P > 0.05 for all compari-
sons. In the absence of TNF-α stimulation, protein and mRNA 
production of all three cytokines was significantly higher in fetal 
ASM cells incubated with either blocking antibody compared to 
cells treated with vehicle P < 0.05 for all comparisons.

TNF-α and Fluticasone Stimulation Upregulate TNF-R1 and 
TNF-R2 mRNA Expression
Expression of TNF-R1 and TNF-R2 mRNA by fetal ASM cells 
increased significantly following treatment with TNF-α (20 ng/ml)  
and TNF-α (20 ng/ml) plus fluticasone (100 nmol/l), P < 0.05 for 
both comparisons, Figure 4. Stimulation of fetal ASM cells with 
fluticasone alone was not associated with a statistically significant 
increase in either TNFR-1 or -2 mRNA expression. Fluticasone 
treatment significantly inhibited TNF-α-induced TNF-R1 

mRNA expression (P < 0.05) but not TNF-α-induced TNF-R2 
mRNA expression.

Fluticasone Induces Phosphorylation of Glucocorticoid Receptor 
at Serine-211 But Not Serine-226 Residues in Fetal ASM
Fluticasone treatment (1 and 100 nmol/l) of fetal ASM cells led 
to a significant increase in phosphorylated GR-S211 P < 0.05, 
but not GR-S226, P > 0.05, compared to control cells (vehicle 
only). TNF-α stimulation in combination with fluticasone had 
a synergistic effect on GR-(S211) and GR-(S226) phosphoryla-
tion (Figure 5), P < 0.05 compared to cells treated with fluti-
casone alone.

DISCUSSION
In this study, we present novel data that fetal human ASM cells 
generate CXCL8, CXCL10, and CCL5 cytokines in response 
to the proinflammatory cytokine TNF-α. Moreover, high-
dose fluticasone did not abolish TNF-α stimulated CXCL8, 

Figure 3.  TNFR1 and TNFR2 blocking antibodies inhibit TNF-α-induced production of CXCL10, CXCL8, and CCL5 protein and mRNA by fetal human airway 
smooth muscle (ASM) equally well. Pretreatment of fetal ASM cells with TNFR1 or TNFR2 blocking antibodies reduced TNF-α stimulated (20 ng/ml) CXCL10 
(panels a,b) CXCL8 (panels c,d), and CCL5 (panels e,f) protein production and mRNA expression equally effectively and to levels that were not signifi-
cantly different to those observed with “untreated” (control) cells. In the absence of blocking antibodies, TNF-α (20 ng/ml) significantly increased cytokine 
protein production and mRNA expression. In the absence of TNF-α stimulation, TNFR1 and TNFR2 blocking antibodies significantly increased cytokine 
protein production and mRNA expression. Supernatant bathing cells collected for cytokine estimation 24 h after stimulation with TNF-α and, in separate 
experiments, total cell RNA was collected 6 h following stimulation with TNF-α. Results are expressed as protein concentration or cytokine/β-actin mRNA 
ratio ± SEM of experiments involving three different fetal human ASM cell lines, *P < 0.05, **P < 0.01.
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CXCL10, or CCL5 production by fetal ASM cells. These obser-
vations extend the potential of developing human ASM to gen-
eration of proinflammatory mediators and provide important 
new information about the differential sensitivity of develop-
ing ASM to GC drugs.

Interestingly, fetal ASM cells were found to express detect-
able amounts of CXCL8, CXCL10, and CCL5 mRNA and 
protein under basal conditions, a feature that has also been 

reported in adult ASM cells (16,17). Treatment with TNF-α 
treatment resulted in a concentration-dependent increase 
in cytokine mRNA and protein production. The magnitude 
of chemokine production (pg/ml) by TNF-α was CXCL10 > 
CXCL8 > CCL5 (see Figure 1). The different dose–response 
relationships suggest qualitative and/or quantitative differ-
ences in CXCL8, CXCL10, and CCL5 cell-signaling pathways 
in fetal ASM stimulated with TNF-α.

Both TNFR1 and TNFR2 appear to be equally involved 
in mediating TNF-α-induced chemokine production 
by fetal human ASM. Treatment with either TNFR1- or 
TNFR2-blocking antibody abolished cytokine production. 
Unstimulated fetal ASM cells constitutively expressed small 
amounts of TNFR1 and TNFR 2 mRNA. Expression of recep-
tor mRNA’s was markedly increased by TNF-α and only par-
tially inhibited by fluticasone. These findings contrast with 
studies performed in adult human ASM in which TNF-α 
signaling is predominantly mediated by activation of TNFR1 
(18,19). Thus, TNFR1/2 signaling is a striking characteristic 
trait that distinguishes developing human ASM from mature 
human ASM. Regulation of TNFR1 and TNFR2 expression are 
poorly defined (20); regulation of TNFR1 and TNFR2 expres-
sion is poorly defined (20,21); TNFR1 appears to be constitu-
tively expressed by most cells whereas constitutive expression 
of TNFR2 is restricted to certain cell lineages, e.g., T-cells, oli-
godendrocytes, and endothelial cells (21–25). Clearly, further 

Figure 4.  TNF-α induces production of TNFR1 and TNFR2 mRNA by 
fetal human airway smooth muscle (ASM). TNF-α (20 ng/ml) significantly 
increased TNFR1 (white bars) and TNFR2 (black bars) mRNA expression. In 
the absence of TNF-α stimulation (vehicle treatment), cells express small 
amounts of TNFR and TNFR2 mRNA. Fluticasone partially inhibited TNFR1 
and TNFR2 mRNA. Results are expressed as fold induction (cytokine/glyc-
eraldehyde 3-phosphate dehydrogenase mRNA ratio) relative to vehicle-
treated (control) cells ± SEM of experiments involving three different fetal 
human ASM cell lines, *P < 0.05.
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studies are needed to understand whether these receptors play 
a role in airway development and to define signaling pathways 
linked to TNFR mRNA and protein expression under inflam-
matory conditions.

Pretreatment of fetal ASM with fluticasone partially and 
differentially inhibited TNF-α-induced CCL5, CXCL8, and 
CXCL10 mRNA and protein generation (see Figure 2). These 
observations contrast with the effects of TNFR1/2 blockade 
in fetal ASM and studies showing > 95% inhibition of TNF-α 
stimulated CCL5 and CXCl10 production by adult human 
ASM pretreated with fluticasone (10 nmol/l) (26). We there-
fore investigated whether TNF-α alters fluticasone signaling 
in fetal ASM. Indeed, western blotting data demonstrated 
that fluticasone phosphorylates GR at Ser211 but not Ser226 
in agreement with our previous data and that of other groups 
using adult ASM cells (20,27,28). More importantly, although 
TNF-α treatment alone did not alter GR-phosphorylation 
at Ser211 or Ser226, treatment with TNF-α and fluticasone 
led to increased phosphorylation at GR-Ser226 but not at 
GR-Ser211. The implications of these observations are unclear. 
Phosphorylation of Ser211 is essential for gene-specific GR 
transactivation (20,27,28). In contrast, GR-Ser226 phosphory-
lation is associated with reduced GR function (20,27,28). Thus, 
in fetal ASM, it is possible that phosphorylation at GR-Ser226 
induced by TNF-α/fluticasone cotreatment antagonizes the 
anti-inflammatory action of fluticasone. Although this mecha-
nism could account for the failure of fluticasone to abrogate 
TNF-α-induced cytokine production by fetal ASM, it does 

not explain why production of CXCL8, CXCL10, and CCL5 
by fetal ASM is differentially sensitive to fluticasone. The lat-
ter is most likely explained by studies showing that TNF-α 
activates a number of parallel intracellular signaling pathways 
involving multiple transcription factors (NF-κ-B, activating 
protein-1, nuclear factor of activated T cells) and MAP kinases 
(29). Reciprocal inhibitory mechanisms, e.g., competition for 
transcriptional coactivators, interference with transrepression 
activities, and post-translational modifications (30) may also 
contribute to differential effect of GCs on TNF-α induced che-
mokine production.

The experimental set-up described in this work was designed 
to study the inflammatory and pharmacological responses of 
ASM in neonatal and pediatric airways. However, the cells were 
cultured from prenatal lungs. The data also therefore imply 
that ASM has the potential to participate in airway inflam-
mation in  utero (31). Consequently, prenatal insults such as 
chorioamnionitis and maternal smoking may contribute to 
the development of neonatal chronic lung disease by stimulat-
ing ASM proinflammatory responses. It is possible that fetal 
ASM are involved in the alteration of airway responses associ-
ated with environmental exposures during fetal life (32,33) by 
secreting cytokines under these conditions.

Our study opens the possibility of using this model to bet-
ter investigate the inflammatory mechanisms linked to child-
hood asthma and CLD. How closely a fetal ASM cell culture 
model simulates responses of ASM in children with asthma 
or CLD is an important and presently unanswerable question. 

Figure 6.  Culture of fetal human airway smooth muscle (ASM) cells. Fetal human tracheal ASM cells were cultured from fetal trachealis muscle tis-
sue, which strongly expresses SM-α-actin (a). The trachealis muscle (indicated by arrow) is visualized using SM-α-actin antibody and the chromopgen 
3,3’-diaminobenzidine tetrahydrochloride (a = tracheal lumen). In monlolayer cell culture, the cells display “hill and valley” morphology, characteristic of 
cultured smooth muscle cells (b). Cultured cells are elongate and bipolar appearance figure (c) and express Sm-α-actin filaments (visualized using Sm-α-
actin antibody/fluorescein isothiocyanate), which are best seen as crossing cel nuclei (d).

a b
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The model cannot replicate the numerous cell-cell and cell-
mediator interactions that ultimately define ASM responses 
in vivo. Nonetheless, the data shows the capacity of develop-
ing ASM cells to recruit eosinophils and T-cells (CCL5), neu-
trophils (CXCL8) and mast cells (CXCL10) into airways and 
that potent corticosteroids such as fluticasone, at high dose, 
partially inhibit mediators of leucocyte recruitment such as 
CCL5, CXCl8, and CXCL10. However, these data also suggest 
that corticosteroid action in developing ASM may differ from 
that in adults. Further investigations will be needed to further 
elucidate the effects of corticosteroids on developing airway 
smooth muscle in order to determine how steroids should be 
used to blunt inflammatory effects in neonatal and pediatric 
asthma.

METHODS
Fetal human cell cultures (N = 6 different fetal lungs) were placed in 
primary culture using fetal trachealis muscle/lung tissue (8–14 wk ges-
tation, see Figure 6) provided by The MRC-Wellcome Trust Human 
Developmental Biology Resource Group, Newcastle University & 
University College London. The use of human fetal tissue in our 
institution was approved by the Leicestershire, Northamptonshire 
and Rutland Research Ethics Committee-1 (Ref No. 08/H0406/68). 
Primary cultures were established and cells maintained in culture 
and passaged as required using previously described techniques 
(25,34). Cell lines were between passage 4 and 8 and displayed “hill 
and valley” morphology typical of smooth muscle with greater than 
90% cells positive for SM-α-actin (Figure 6). Fetal human ASM were 
propagated using Dulbecco’s modified Eagle’s medium containing 
10% fetal calf serum supplemented with 1% pen/strep, 1% glutamine, 
1% sodium pyruvate, and 1% nonessential amino acids solution. For 
experiments, cells were growth starved for 24 h in Dulbecco’s modified 
Eagle’s medium containing 0.5% fetal calf serum and supplements. All 
cell reagents were purchased from Sigma-Aldrich, Poole, UK.

TNF-α Stimulation and Treatment of Fetal ASM With Fluticasone
Fetal ASM cell were seeded at a density of 1 × 106/well into a 24-well 
plate, left to adhere overnight, and then growth arrested for 24 h. The 
next day the cells were treated with vehicle ± fluticasone (1–100 nm) 
for 1 h and then stimulated with TNF-α (10 ng/ml).

Enzyme-Linked Immunosorbent Assay for CXCL8, CCL5, and 
CXCL10
Cytokine levels were measured in media collected from fetal human 
ASM cells first treated with vehicle ± fluticasone (1–100 nm) for 1 h 
and then stimulation of TNF-α. Measurement of cytokine concentra-
tion in ASM supernatants was performed by enzyme-linked immu-
nosorbent assay kits and according to the manufacturer’s instructions 
(CCL5 or CXCL-10 DuoSet enzyme-linked immunosorbent assay 
from R&D Systems, Abingdon, UK; CXCL-8 OptEIA enzyme-linked 
immunosorbent assay from BD Biosciences, Oxford UK).
TNF-α-Receptor-1, -2, CXCL-8, CCL5, and CXCL-10 mRNA

Total ASM cell mRNA was isolated at 24 h (TNFR1 and TNFR 2) after 
stimulation either with vehicle, TNF-α, luticasone or using TNF-α 
plus fluticasone “TRI-reagent” (Sigma-Aldrich). Real-time PCR was 
performed using the LightCycler 480 system (Roche Diagnostics, 
Mannheim, Germany) and gene-specific primers purchased from 
Eurofins MWG Operon, Huntsville, AL:

  I.	 p75TNFR1: Fwd 5′ GGGCAAGATAACGCAC 3′. Rev 5′ 
AGAGATGGCTACGAGG 3′.

  II.	 p55TNFR2: Fwd 5′ C AGTACCGGCATTATTGG3′. Rev 5′ 
CCGTTGGTAGCGATACA 3′.

  III.	 hsGAPDH: Fwd 5′ AAGGTGAAGGTCGGAGTCAACGGATT 
3′. Rev 5′ hsGAPDH-R1 CCATGGAATTTGCCATGGGAGG 
AAT3′.

  IV.	 CXCL10: Fwd 5′ GGATGGACCACACAGAGGCTGC 3′. Rev 
5′ GCCCCTTGGGAGGATGGCAGT 3′.

  V.	 CCL5: Fwd 5′ GGCAGCCCTCGCTGTCATCC 3′. Rev 5′ GCCC 
TTCAAGGAGCGGGTGG 3′.

  VI.	 CXCL8: Fwd 5′ AGACAGCAGAGCACACAAGC 3′. Rev 5′ 
AGGAAGGCTGCCAAGAGAG 3′.

  VII.	 β-actin: Fwd 5′ GCTCGTCGTCGACAACGGCTC-3′. Rev 5′ 
CAAACATGATCTGGGTCATCTTCTC 3′

The PCR amplification reactions were prepared in “SYBR-Green 
PCR Mastermix” (Sigma Aldrich) according to manufacturer’s 
instructions. The amplification step was run for 20 cycles, after opti-
mization of cycling conditions, and the amount of specific PCR prod-
uct was estimated by the second derivative maximum method. The 
Lightcycler Data Analysis (MRCMEG, Roche Diagnostics) package 
was used to analyze the data and to quantify cytokine mRNA quanti-
fication. Gene expression was normalized to either β-actin (CXCL10, 
CCL5, and CXCL8) or glyceraldehyde 3-phosphate dehydrogenase 
(TNFR1 and TNFR2) mRNA expression.

Glucocorticoid Receptor Phosphorylation
Growth-arrested fetal ASM cell were treated with vehicle ± flutica-
sone (1–100 nm) for 1 h and then stimulated with TNF-α (10 ng/ml). 
At 6 h post-TNF-α stimulation, the culture media was aspirated and 
the cells washed in ice-cold PBS containing protease inhibitors (200 
µmol/l Na3VO4, 2 mmol/l phenylmethylsulfonyl fluoride). The cells 
were then lysed by scraping in ice-cold extraction buffer containing 
20 mmol/l Tris, pH7.5, 150 mmol/l NaCl, 1 mmol/l ethylenediamine 
tetraacetic acid, 1 mmol/l ethyleneglycol tetraacetic acid, 1% Triton 
X-100, 2.5 mmol/l sodium pyrophosphate, 1 mmol/l-glycerolphos-
phate, 2 mmol/l Na3VO4, 1 µg/ml leupeptin, and 2 mmol/l phenyl-
methylsulfonyl fluoride. The cell protein homogenate was loaded 
(10 µg/lane) on 10% acrylamide gels, separated using SDS-PAGE 
and then transferred to a nitrocellulose membrane. Each was then 
immersed in PBS containing Tween 20 (0.1%) and dried nonfat milk 
(3%) for 1 h to block nonspecific binding sites. Thereafter, each blot 
was incubated with a rabbit anti-human polyclonal GR, GR-ser211, 
or GR-226 antibody (1:1,000, 1:500, and 1:500 respectively; Cell 
Signalling Technology, Danvers, MA) overnight at 4 °C. Presence 
of GR protein was detected using a goat anti-rabbit IgG horserad-
ish peroxidase-conjugated secondary antibody (1:10,000 or 1:5,000; 
Santa Cruz Biotechnology Dallas, TX) and visualized by enhanced 
chemilluminescence (Amersham-Pharmacia, Amersham, UK). 
To control for differences in loading, blots were stripped and rep-
robed with a monoclonal antibody directed against mouse glycer-
aldehyde 3-phosphate dehydrogenase protein to (1:2,500, Sigma 
Chemical, Poole, UK) and detected with the goat anti-mouse IgG 
horseradish peroxidase-conjugated secondary antibody (1:2,500; 
Santa Cruz Biotechnology). All other reagents were purchased from 
Sigma-Aldrich.

Statistical Analyses
Results are presented as means ± SEM or ± SD values, where indicated. 
Comparisons between groups were performed using the unpaired 
Student’s t-test or one-way ANOVA. A probability of <0.05 was consid-
ered statistically significant. Statistical analyses were conducted using 
the Prism computer program by GraphPad Software, La Jolla, CA.
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