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Abstract
Tristetraprolin (TTP) is an anti-inflammatory molecule known to post-transcriptionally regulate cytokine production and 
is, therefore, an attractive drug target for chronic respiratory diseases driven by inflammation, such as asthma and chronic 
obstructive pulmonary disease. Our recent in vitro studies in primary human airway smooth (ASM) cells have confirmed 
the essential anti-inflammatory role played by TTP as a critical partner in a cytokine regulatory network. However, several 
unanswered questions remain. While prior in vitro studies have suggested that TTP is regulated in a cAMP-mediated manner, 
raising the possibility that this may be one of the ways in which β2-agonists achieve beneficial effects beyond bronchodilation, 
the impact of β2-agonists on ASM cells is unknown. Furthermore, the effect of prostaglandin  E2  (PGE2) on TTP expression 
in ASM cells has not been reported. We address this herein and reveal, for the first time, that TTP is not regulated by cAMP-
activating agents nor following treatment with long-acting β2-agonists. However,  PGE2 does induce TTP mRNA expression 
and protein upregulation in ASM cells. Although the underlying mechanism of action remains undefined, we can confirm 
that  PGE2-induced TTP upregulation is not mediated via cAMP, or  EP2/EP4 receptor activation, and occurred in a manner 
independent of the p38 MAPK-mediated pathway. Taken together, these data confirm that β2-agonists do not upregulate TTP 
in human ASM cells and indicate that another way in which  PGE2 may achieve beneficial effects in asthma and COPD may 
be via upregulation of the master controller of inflammation—TTP.
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Introduction

Tristetraprolin [TTP; zinc-finger protein 36 (Zfp36)] is an 
anti-inflammatory protein that functions to induce mRNA 
decay of a number of critical molecules, including cytokines 
that drive pathogenesis of respiratory disorders [1]. Our 
recent studies have demonstrated that TTP plays an essential 
anti-inflammatory and pro-resolving role in airway disease 
by serving as a critical partner in a cytokine regulatory net-
work [with p38 MAPK and mitogen-activated protein kinase 
(MKP-1) phosphatase] [2–4]. We have utilized a key air-
way structural cell responsible for both bronchomotor tone 
and inflammation—human primary airway smooth muscle 
(ASM) cells—to show that TTP operates as a negative feed-
back effector, controlling the extent and duration of inflam-
mation [2, 4]. Moreover, we have revealed that one of the 
important mechanisms by which the first-line anti-inflam-
matory therapies used in chronic respiratory diseases—cor-
ticosteroids—exert their anti-inflammatory impact is via 
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a MKP-1/TTP-dependent pathway [4]. To date, however, 
whether β2-agonists also act on TTP in ASM is unknown.

β2-agonists are widely used medicines in respiratory 
disease. They potently and efficaciously increase cAMP 
in airway smooth muscle to reverse bronchoconstriction in 
asthma and alleviate breathlessness in chronic obstructive 
pulmonary disease (COPD). It has been known for some 
time that β2-agonists have beneficial effects beyond bron-
chodilation and that they exert anti-inflammatory actions 
in a cAMP-dependent manner [5]. We have shown that this 
beneficial impact is due in part to the upregulation of MKP-
1; that is, in ASM cells, cAMP-elevating agents (including 
β2-agonists) can also increase the expression of anti-inflam-
matory molecules (MKP-1) to repress inflammation [6–9]. 
But what is the effect of cAMP-elevating agents on TTP 
in ASM cells? This is currently unknown. cAMP has been 
shown to increase expression of TTP in macrophages, and 
through this pathway, the β2-agonist salbutamol was pro-
posed to have beneficial effects in airway inflammatory dis-
ease [10]. In other disease contexts, including obesity [11], 
cAMP was shown to increase TTP expression in adipocytes. 
Thus, it was of interest to examine the effect of β2-agonist 
on TTP expression in ASM cells and whether cAMP was an 
inducing stimulus.

Coupled to this is the need to explore the impact of 
the prostanoid  PGE2 on TTP expression and the potential 
involvement of cAMP in mediating the response.  PGE2 is a 
potent prostanoid that has both positive and negative effects 
in airway diseases (see recent review [12]).  PGE2 acts via 
a family of prostanoid E (EP) receptors  (EP1-  EP4).  EP2 
and  EP4 receptors exert their effects via cAMP-mediated 
signaling pathways [12] and we have shown that the pros-
tanoid  PGE2 dose-dependently increases cAMP production 
in ASM cells [13]. We recently published [14] that  PGE2 
upregulates mRNA expression and protein production of the 
anti-inflammatory molecule – MKP-1, in a dose-dependent 
manner. However, the effect of  PGE2 on TTP in ASM cells 
is unknown, and potentially, this could occur via cAMP-
dependent  EP2/EP4 receptor pathways.

To determine the role that cAMP plays in regulating TTP 
expression in ASM cells, we first examined the direct and 
indirect activation of cAMP to increase TTP mRNA expres-
sion. Second, we investigated receptor-mediated pathways 
and induced production of cAMP as a secondary messenger 
by activation of Gs-coupled protein receptors (β2-adrenergic 
receptors and  EP2/EP4 prostanoid receptors) with cognate 
ligands β2-agonists and prostaglandin  E2  (PGE2), respec-
tively. In all cases, MKP-1 was used as a positive control 
as it was well established as being upregulated by cAMP 
[6–9, 15]. Finally, we investigated the underlying signaling 
pathways involved. Collectively, our data clearly showed that 
cAMP-elevating agents, including β2-agonists, were unable 
to upregulate TTP mRNA expression in human ASM cells, 

but that  PGE2-induced TTP mRNA expression and protein 
upregulation occur in a cAMP-,  EP2/EP4 receptor-, and p38 
MAPK-independent pathway.

Materials and methods

Chemicals

PGE2, PF-04418948, and GW 627368X were purchased 
from the Cayman Chemical Company (Ann Arbor, MI, 
USA). Unless otherwise specified, all chemicals used in 
this study were purchased from Sigma-Aldrich (St. Louis, 
MO, USA).

Cell culture

Human bronchi were obtained from patients undergoing sur-
gical resection for carcinoma or lung transplant donors in 
accordance with procedures approved by the Sydney South 
West Area Health Service and the Human Research Ethics 
Committee of the University of Sydney. ASM cells were 
dissected and purified as previously described by Johnson 
et al. [16]. A minimum of three different ASM primary cell 
lines was used for each experiment.

Real‑time RT‑PCR

Total RNA was extracted using the RNeasy Mini Kit (Qia-
gen Australia, Doncaster, VIC, Australia) and reverse tran-
scription performed using the RevertAid First strand cDNA 
Synthesis kit (Fermentas Life Sciences, Hanover, MD, USA) 
according to the manufacturer’s protocol. Real-time RT-PCR 
was performed on an ABI Prism 7500 with TTP (Zfp36, 
Hs00185658_m1) and MKP-1 (DUSP1: Hs00610256_g1) 
TaqMan gene expression assays and the eukaryotic 18S 
rRNA endogenous control probe (Applied Biosystems, Fos-
ter City, CA) subjected to the following cycle parameters: 
50 °C for 2 min, 1 cycle; 95 °C for 10 min, 1 cycle; 95 °C 
for 15 s, 60 °C for 1 min, 40 cycles and mRNA expression 
quantified by delta–delta Ct calculations.

Western blotting

TTP was measured by Western blotting using rabbit antisera 
against TTP (Sak21). Detection of α-tubulin was used as 
the loading control (mouse monoclonal  IgG1, DM1A: Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). p38 MAPK 
was detected using rabbit monoclonal or polyclonal anti-
bodies against phosphorylated  (Thr180/Tyr182) and total p38 
MAPK (Cell Signaling Technology, Danvers, MA, USA). 
Primary antibodies were detected with goat anti-rabbit and 
anti-mouse HRP-conjugated secondary antibodies (Cell 
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Signaling Technology, Danvers, MA, USA) and visualized 
by enhanced chemiluminescence (PerkinElmer, Wellesley, 
MA, USA).

Statistical analysis

Statistical analysis was performed using the Student’s 
unpaired t test or one-way ANOVA and then Fisher’s PLSD 
post-test. P values < 0.05 were sufficient to reject the null 
hypothesis for all analyses.

Results

Lack of effect of cell‑permeable cAMP or adenylate 
cyclase activation on TTP mRNA expression, 
compared to MKP‑1

Our early studies in ASM cells have shown that we can 
directly increase cAMP in ASM cells through treatment of 
the cell-permeable analogue, dibutyryl cAMP, or indirectly 
via activation of adenylate cyclase, with forskolin [13]. To 
examine the effect of these cAMP-elevating agents on TTP 
mRNA expression, growth-arrested cells were treated for 
1 h with 1 mM dibutyryl cAMP or 10 µM forskolin and 
RNA extracted. TTP mRNA was measured and compared 
to MKP-1 mRNA as a positive control [6, 8]. As shown in 
Fig. 1, both dibutyryl cAMP and forskolin induced MKP-1 
mRNA expression in accordance with our previous publi-
cations [6, 8]. However, the cAMP-elevating agents did not 
increase TTP mRNA expression in ASM cells (Fig. 1).

Long‑acting β2‑agonists salmeterol and formoterol 
do not upregulate TTP mRNA expression, 
while MKP‑1 is induced

In ASM cells, cAMP can also be elevated by the activation 
of  Gs-coupled proteins of the β2-adrenergic receptors. We 
then examined the impact of two β2-agonists, salmeterol 
(100 nM) and formoterol (10 nM), on TTP mRNA expres-
sion in ASM cells. These studies were performed in paral-
lel with the measurement of MKP-1 mRNA expression. In 
confirmation of our prior studies [8, 9], cAMP-mediated 
MKP-1 was significantly upregulated with salmeterol 
(P < 0.05: Fig. 2a), while TTP mRNA expression was 
not induced. Similarly, formoterol significantly increased 
MKP-1 mRNA expression by 11.5 ± 4.8-fold (P < 0.05: 
Fig. 2b), yet TTP was unaffected.
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Fig. 1  Lack of effect of cell-permeable cAMP or adenylate cyclase 
activation on TTP mRNA expression, compared to MKP-1. Growth-
arrested ASM cells were treated with vehicle, dibutyryl cAMP 
(1  mM), or forskolin (10  µM) for 1  h. TTP and MKP-1 mRNA 
expression was quantified by real-time RT-PCR (results expressed as 
fold increase compared to vehicle-treated cells). Statistical analysis 
was performed using the Student’s unpaired t test [where * denotes 
a significant increase (P < 0.05)]. Data are mean + SEM values from 
n = 8 primary ASM cell cultures
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Fig. 2  Long-acting β2-agonists salmeterol and formoterol do not 
upregulate TTP mRNA expression, while MKP-1 is induced. 
Growth-arrested ASM cells were treated with a salmeterol (100 nM) 
or b formoterol (10  nM) for 1  h, compared to vehicle. TTP and 
MKP-1 mRNA expression was quantified by real-time RT-PCR 
(results expressed as fold increase compared to vehicle-treated cells). 
Statistical analysis was performed using the Student’s unpaired t 
test [where * denotes a significant increase (P < 0.05)]. Data are 
mean + SEM values from a n = 5 and b n = 7 primary ASM cell cul-
tures
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PGE2 induces MKP‑1 and TTP mRNA expression 
in a temporally specific manner

To address the impact of  PGE2 on TTP mRNA expression, 
we performed a temporal analysis of the effect of  PGE2 
(100 nM) on TTP mRNA expression in ASM cells. This 
was compared to a complete time-course for MKP-1 mRNA 
expression over a 24 h period, as our previous publication 
[14] solely focussed on MKP-1 mRNA expression at one 
time point only [i.e., 1 h, where 100 nM  PGE2 increased 
MKP-1 mRNA by 11.9 ± 3.3-fold (P < 0.05)]. As shown 
in Fig. 3a, 100 nM  PGE2 induced a rapid and significant 
peak of MKP-1 mRNA expression at 1 h (14.8 ± 4.1-fold: 
P < 0.05) and remained significantly upregulated at 2 h, but 
then subsided at 4 h and remained at basal levels at 8 h and 
24 h. Interestingly, in Fig. 3b, we show, for the first time, 
in ASM cells, that  PGE2 induced a small, but significant, 
increase in the expression of TTP mRNA at 1 h (P < 0.05).

PGE2 increases TTP protein upregulation

We then performed an additional experimentation to exam-
ine the temporal kinetics of  PGE2-induced TTP protein 

upregulation. Growth-arrested ASM cells were treated 
with  PGE2 for 0, 0.25, 0.5, 1, 2, 4, 8, and 24 h and Western 
blotting for TTP performed. As shown in Fig. 4a,  PGE2 
induced an increase in immunoreactive bands detected 
with the rabbit antisera Sak21. Our previous studies (with 
tumour necrosis factor as the stimulus [17]) revealed that 
this antisera detects TTP and that the change in electropho-
retic mobility is indicative of phosphorylation. Although 
an oversimplification, we have indicated on Fig. 4a that 
there are two bands of immunoreactivity for TTP: bands 
at higher molecular weight are stable phosphorylated TTP, 
while lower bands are unphosphorylated but unstable TTP. 
Our results in Fig. 4a show that there is temporally spe-
cific increase in TTP phospho-forms in ASM cells after 
stimulation with  PGE2. These data were analyzed with 
densitometry (where all TTP phospho-forms were normal-
ized to α-tubulin and compared to 0 h) to show that  PGE2 
significantly induced TTP protein upregulation at 2, 4, and 
8 h (Fig. 4b: P < 0.05).

Fig. 3  PGE2 induces MKP-1 
and TTP mRNA expression in 
a temporally specific man-
ner. Growth-arrested ASM 
cells were treated with  PGE2 
(100 nM) for 0, 1, 2, 4, 8, 
and 24 h. a MKP-1 and b 
TTP mRNA expression was 
quantified by real-time RT-
PCR (results expressed as fold 
increase compared to vehicle-
treated cells at 0 h). Statistical 
analysis was performed using 
one-way ANOVA and then 
Fisher’s PLSD post-test [where 
* denotes a significant increase 
compared to 0 h (P < 0.05)]. 
Data are mean + SEM values 
from n = 6 primary ASM cell 
cultures
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Effect of  EP2/EP4 receptor antagonists 
on  PGE2‑induced TTP and MKP‑1 mRNA expression

We were then interested to explore the molecular mecha-
nisms responsible for  PGE2-induced TTP expression. As 
mentioned,  PGE2 can induce cAMP in ASM cells [13], and 
it is known that  EP2 and  EP4 receptors exert their effects 
via cAMP-mediated signaling pathways [12]. Next step, 
therefore, was to examine the potential involvement of these 
receptor-mediated pathways, although earlier studies with 
dibutyryl cAMP and β2-agonists predict that  PGE2-induced 
TTP mRNA expression will not be induced via this path-
way. We utilized the specific  EP2 and  EP4 receptor antago-
nists PF-04418948 and GW 627368X, respectively. ASM 
cells were pretreated with either 1 µM PF-04418948 or GW 
627368X prior to  PGE2 (100 nM) stimulation. RNA was 
extracted at indicated time points over a 24 h period and 
TTP (Fig. 5a) and positive control MKP-1 mRNA expres-
sion (Fig. 5b) measured. PF-04418948 or GW 627368X had 
no effect on TTP mRNA expression at any time point fol-
lowing  PGE2 stimulation (Fig. 5a). We observed a signifi-
cant repression of  PGE2-induced MKP-1 mRNA expression 

with 1 µM PF-04418948, but not GW 627368X, at 4 h and 
8 h (Fig. 5b, P < 0.05), suggesting that MKP-1 mRNA is 
upregulated via downstream signaling of the  EP2 receptor 
(in confirmation of our earlier study [14]).

PGE2 increases TTP mRNA expression and protein 
upregulation in a p38 MAPK‑independent manner

Taken together, our data thus far show that  PGE2-induced 
TTP mRNA expression and protein upregulation occur in 
a cAMP-independent manner. When then turned to exam-
ining the role of the p38 MAPK pathway as this MAPK 
phosphoprotein family member is known to play a critical 
role in TTP expression, upregulation, and activity (reviewed 
in [1]). First, to confirm that  PGE2 induces MAPK phos-
phorylation in ASM, cells were treated with  PGE2 for 
30 min and p38 MAPK phosphorylation detected by West-
ern blotting (Fig. 6a). As shown by densitometric analysis 
(Fig. 6b),  PGE2 significantly increased p38 MAPK phos-
phorylation by 4.8 ± 1.5-fold (P < 0.05). Then, to examine 
whether  PGE2-induced TTP mRNA expression (at 1 h) and 
subsequent TTP protein upregulation (at 2 h) were induced 
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Fig. 4  PGE2 increases TTP protein upregulation. Growth-arrested 
ASM cells were treated with  PGE2 (100  nM) for 0, 0.25, 0.5, 1, 2, 
4, 8, and 24 h. Western blotting for TTP was performed (compared 
to α-tubulin as loading control). Please note two bands of immuno-
reactivity for TTP: bands at higher molecular weight indicate stable 
phosphorylated TTP (inactive), while lower bands are unphosphoryl-
ated (active) but unstable. Results are a representative Western blots 

or b densitometric analysis [normalized to α-tubulin and expressed 
as  PGE2-induced TTP protein upregulation (results expressed as fold 
increase compared to vehicle-treated cells at 0 h)]. Statistical analy-
sis was performed using one-way ANOVA and then Fisher’s PLSD 
post-test [where * denotes a significant increase compared to 0  h 
(P < 0.05)]. Data are mean + SEM values from n = 4 primary ASM 
cell cultures
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via a p38 MAPK-mediated pathway, ASM cells were pre-
treated with the p38 MAPK inhibitor SB203580 (1 µM) for 
30 min prior to real-time RT-PCR for TTP (Fig. 5c) and 
Western blotting for TTP (Fig. 5d, e). There was no effect 
of SB203580, and thus, our studies revealed that  PGE2 
increases TTP mRNA expression and protein upregulation 
in a p38 MAPK-independent manner.

Discussion

There are two notable findings from this study. First, that 
TTP is not upregulated by cAMP in ASM cells. Elevating 
cAMP in ASM cells via cell-permeable analogies of ade-
nylate cyclase inhibitors did not induce TTP mRNA expres-
sion, nor did receptor-mediated induction of cAMP via 
β2-adrenergic receptor ligand engagement with salmeterol 
and formoterol. These studies are the first in ASM cells and 
demonstrate that the impact of cAMP on TTP is cell-type 

specific. Second, that  PGE2 induced TTP mRNA expression 
and protein upregulation in ASM cells in a time-dependent 
manner. Given that it is known that  PGE2 induces cAMP 
and p38 MAPK phosphorylation in ASM cells, two signal-
ing molecules known to regulate TTP, we then examined 
the involvement of these pathways in the impact of  PGE2 in 
ASM cells. We explored this using pharmacological antago-
nists of the  EP2 and  EP4 prostanoid receptors  (Gs-coupled 
E prostanoid receptors that mediate via cAMP), where 
PF-04418948  (EP2 receptor antagonist) or GW 627368X 
 (EP4 receptor antagonist) had no effect on  PGE2-induced 
TTP mRNA expression. Moreover, a pharmacological inhib-
itor of the p38 MAPK pathway was also without impact on 
 PGE2-induced TTP mRNA expression and protein upregula-
tion. These data support the notion that upregulation of TTP 
after  PGE2 stimulation in ASM cells occurs in a manner 
independent of cAMP and p38 MAPK.

This publication adds to the earlier research performed 
by the Moilanen group [10, 18] that explored the impact of 

Fig. 5  Effect of  EP2/EP4 
receptor antagonists on 
 PGE2-induced TTP and MKP-1 
mRNA expression. Growth-
arrested ASM cells were 
pretreated for 30 min with 
vehicle, 1 µM PF-04418948 
 (EP2 receptor antagonist), or 
GW 627368X  (EP4 receptor 
antagonist), and then treated 
with  PGE2 (100 nM) for 0, 1, 
2, 4, 8, and 24 h. a TTP and 
b MKP-1 mRNA expression 
was quantified by real-time 
RT-PCR (results expressed as 
fold difference to vehicle-treated 
cells at 0 h). Statistical analysis 
was performed using the Stu-
dent’s unpaired t test [where * 
denotes significant repression 
by the  EP2 receptor antagonist 
PF-04418948 at the same time 
point (P < 0.05)]. Data are 
mean + SEM values from n = 6 
primary ASM cell cultures

0

20

40

60

80

100

120

140

0 h 1 h 2 h 4 h 8 h 24 h

%
 P

G
E 2

-in
du

ce
d 

M
K

P-
1 

m
R

N
A

 e
xp

re
ss

io
n 

(a
t 1

 h
) vehicle

PF-04418948 (EP  antagonist)
GW 627368X (EP  antagonist)

* *

2
4

0

20

40

60

80

100

120

140

0 h 1 h 2 h 4 h 8 h 24 h

%
 P

G
E 2

-in
du

ce
d 

TT
P 

m
R

N
A

 e
xp

re
ss

io
n 

(a
t 1

 h
)

vehicle
PF-04418948 (EP  antagonist)
GW 627368X (EP  antagonist)

2
4

A

B

2
4



375Prostaglandin  E2, but not cAMP nor β2-agonists, induce tristetraprolin (TTP) in human…

1 3

cAMP on TTP expression in cell types apart from ASM. In 
2007, Jalonen et al. [10] utilized J774 murine macrophages 
and THP-1 human macrophages to show that cAMP ana-
logues, forskolin and the short-acting β2-agonist, salbuta-
mol, increased TTP mRNA and protein expression. The 
authors then went on to demonstrate that compounds that 
mimic or elevate cAMP, when added with inflammatory 
stimuli such as lipopolysaccharide, can enhance TTP pro-
tein degradation in J774 murine macrophages [18]. The 
latter study [18] was amongst the first to underscore the 
complexities of TTP expression, protein activation, and 
control by the proteasome, and the precise temporal regu-
lation exerted by TTP in concert with p38 MAPK and 
MKP-1 (reviewed in [1, 19]). In our current study, we 

demonstrate that, in contrast to Jalonen et al. [10], none 
of the cAMP-elevating agents tested (i.e., dibutyryl cAMP, 
forskolin, salmeterol, or formoterol) increase TTP mRNA 
expression in human ASM cells. Notably, other studies 
that show that cAMP increases TTP were performed in 
mouse 3T3 fibroblasts [20], rat pheochromocytoma cells 
[21], and 3T3-L1 adipocytes [11], suggesting that, per-
haps, the cAMP dependence of TTP is cell type and/or 
species specific. It is also important to note that Jalonen 
et al. demonstrated that murine macrophages were more 
sensitive to the effects of cAMP than human macrophages 
[10]. Moreover, the mechanism responsible for TTP 
upregulation by cAMP warrants further investigation as 
Rajah et al. [22] recently commented that classical cAMP 

Fig. 6  PGE2 increases TTP 
mRNA expression and 
protein upregulation in a p38 
MAPK-independent manner. 
a, b Growth-arrested ASM 
cells were treated with  PGE2 
(100 nM) and p38 MAPK phos-
phorylation detected by Western 
blotting (compared to total p38 
MAPK as loading control) at 
0 min and 30 min. Results are 
a representative Western blots 
or b densitometric analysis 
(normalized to p38 MAPK and 
expressed as  PGE2-induced 
p38 MAPK phosphorylation 
(expressed as fold increase 
compared to 0 min)). c–e 
Growth-arrested ASM cells 
were pretreated with the p38 
MAPK inhibitor SB203580 
(1 µM) for 30 min then treated 
with  PGE2 (100 nM). c After 
1 h, TTP mRNA expression 
was quantified by real-time 
RT-PCR (results expressed as 
percentage of  PGE2-induced 
TTP mRNA expression). d, e 
After 2 h, Western blotting for 
TTP was performed (compared 
to α-tubulin as loading control). 
Results are d representative 
Western blots or e densito-
metric analysis (normalized 
to α-tubulin and expressed as 
percentage of  PGE2-induced 
TTP protein upregulation). Sta-
tistical analysis was performed 
using one-way ANOVA and 
then Fisher’s PLSD post-test 
[where * denotes a significant 
increase (P < 0.05)]. Data are 
mean + SEM values from n = 4 
primary ASM cell cultures
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response element was not identified within the − 2000 
base-pair upstream of the transcriptional start site of TTP.

Our current study demonstrated that TTP mRNA 
expression is induced by  PGE2, via a mechanism inde-
pendent of cAMP in ASM cells. TTP mRNA is rapidly 
and significantly upregulated (at 1 h), but is unaffected by 
the  EP2 and  EP4 receptors that signal via cAMP. In con-
trast, MKP-1 is cAMP-dependent and is upregulated (as 
expected [14]) at 1 h by  PGE2 and is inhibited by the  EP2 
receptor antagonist PF-04418948, especially at later time 
points. We, therefore, examined whether TTP induction 
by  PGE2 may occur in a p38 MAPK-dependent manner, 
as we have previously published that TTP mRNA expres-
sion in ASM cells is p38 MAPK-mediated [2]. Intrigu-
ingly, although  PGE2 was shown to increase p38 MAPK 
phosphorylation, there was no repressive effect of a p38 
MAPK inhibitor on  PGE2-induced TTP mRNA expression 
and protein regulation. Unanswered by this study is the 
mechanism by which  PGE2 induces TTP. Other signal-
ing molecules may be responsible, for example phosph-
oinositide-3-kinase, both known to be activated by  PGE2 
[23] and involved in TTP regulation [24].

These data build our understanding of the regulation of 
anti-inflammatory proteins (TTP and MKP1) in ASM cells 
and the impact of the prostanoid  PGE2 upon the dynamic 
regulatory network known to exert significant repression on 
cytokine secretion in a post-transcriptional manner [2, 4]. 
In support, a recent study from the Clark lab [25] showed 
that  PGE2 negatively regulates cytokine expression post-
transcriptionally via induction of MKP-1 and enhancement 
of TTP anti-inflammatory function. Further studies are 
warranted.

In summary, our study shows that, in contrast to earlier 
studies (predominately performed in rodent cell types), 
cAMP does not directly induce TTP mRNA expression in 
primary cell cultures of human ASM. Thus, the mechanism 
by which β2-agonists regulate cytokine expression and dis-
play anti-inflammatory properties in airway inflammation 
may not be via TTP mRNA expression. In addition, we 
revealed a hitherto unrecognized role for  PGE2 as a stimu-
lus for TTP upregulation in ASM cells, highlighting a novel 
mechanism by which the prostanoid may exert anti-inflam-
matory actions in respiratory disease.
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