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BACKGROUND AND PURPOSE
3′,5′-Cyclic nucleotide PDE4 is expressed in several inflammatory and immune cells, and PDE4 catalyses the hydrolysis of
cAMP to 5′AMP, down-regulating cAMP signalling in cells. MAPK phosphatase-1 (MKP-1) is an endogenous p38 MAPK
signalling suppressor and limits inflammatory gene expression and inflammation. In the present study, we investigated the
effect of a PDE4 inhibitor rolipram on MKP-1 expression and whether MKP-1 is involved in the anti-inflammatory effects of
rolipram.

EXPERIMENTAL APPROACH
The effect of rolipram on TNF production was investigated in J774 mouse macrophage cell line and in primary mouse
peritoneal macrophages (PM) from wild-type (WT) and MKP-1(–/–) mice. We also investigated the effect of rolipram on
carrageenan-induced paw inflammation in WT and MKP-1(–/–) mice.

KEY RESULTS
MKP-1 expression was enhanced by rolipram, by a non-selective PDE inhibitor IBMX and by a cAMP analogue 8-Br-cAMP in
J774 cells and in PM. Enhanced MKP-1 mRNA expression by rolipram was reversed by a PKA inhibitor. Rolipram, IBMX and
8-Br-cAMP also inhibited TNF production in activated macrophages. Accordingly, rolipram inhibited TNF production in PMs
from WT mice but, interestingly, not in PMs from MKP-1(–/–) mice. Furthermore, rolipram attenuated carrageenan-induced
paw inflammation in WT but not in MKP-1(–/–) mice.

CONCLUSIONS AND IMPLICATIONS
PDE4 inhibitor rolipram was found to enhance the expression of MKP-1, and MKP-1 mediated, at least partly, the
anti-inflammatory effects of PDE4 inhibition. The results suggest that compounds that enhance MKP-1 expression and/or
MKP-1 activity hold potential as novel anti-inflammatory drugs.

Abbreviations
8-Br-cAMP, 8-bromoadenosine 3′,5′-cyclic monophosphate; CRE, cAMP-responsive element; CREB, cAMP-responsive
element binding protein; DMSO, dimethyl sulfoxide; MK2, MAPK-activated protein kinase 2; MKP-1, MAPK
phosphatase-1; PKAi, PKA inhibitor 6–22 amide; PM, peritoneal macrophages
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Introduction
cAMP is a fundamental second-messenger molecule pro-
duced in essentially all mammalian cells. 3′5′-Cyclic nucle-
otide PDEs are the enzymatic machinery that is responsible
for the degradation of cAMP in cells by catalysing the
hydrolysis of cAMP to 5′AMP. There are 11 known families
(PDE1–11) in PDE superfamily, and, currently, at least 24 PDE
isoforms have been characterized. Compounds that selec-
tively inhibit PDE4 have prominent anti-inflammatory
effects, and selective PDE4 inhibitors have recently entered
to the clinics for the treatment of chronic obstructive pul-
monary disease, and they have been proven effective in the
treatment of plaque psoriasis and psoriatic arthritis as well
(Chong et al., 2011; Page and Spina, 2012; Papp et al., 2012;
Schett et al., 2012).

PDE4 family members specifically degrade cAMP, and
they are expressed essentially in all immune cells including
macrophages, neutrophils, eosinophils and lymphocytes,
and in many other cell types, including epithelial cells,
endothelium and fibroblasts. PDE4 isoforms differ from one
another in structure, substrate specificity, tissue and cell dis-
tribution, intracellular localization, and regulation by other
proteins. PDE4 family contains four genes, namely PDE4A,
PDE4B, PDE4C and PDE4D, and they give rise to more than
20 alternative splice variants (Bender and Beavo, 2006; Spina,
2008; Keravis and Lugnier, 2012; Page and Spina, 2012).
PDE4 isoforms interact with various scaffold proteins, such as
b-arrestin, disrupted in schizophrenia 1, receptor for acti-
vated C-kinase 1, A-kinase-anchoring proteins, p75 neuro-
trophin receptor and aryl-hydrocarbon receptor interacting
protein. Interactions with specific scaffold proteins evoke
sequestered localization of specific PDE4 isoforms in cells. By
virtue of such sequestered intracellular localization, PDE4
isoforms create cAMP gradients in cells that elicit temporally
and spatially coordinated, also called a compartmentalized,
cAMP signalling. PDE4 activity is regulated also by PKA and
ERK1/2, and the regulatory outcome on the PDE4 activity by
these kinases varies between isoforms and splice variant
(Houslay and Adams, 2003; Houslay et al., 2005; Houslay,
2010).

PDE4 plays an important role in immune cell functions.
PDE4B(–/–) mice displayed improved tolerance to the devel-
opment of shock in endotoxemia, and it was associated with
the reduced TNF production by macrophages (Jin et al.,
2005). Moreover, in ovalbumin-sensitized lung inflammation
model, PDE4B-deficient mice had markedly attenuated
airway constriction, reduced lung eosinophilia and sup-
pressed production of T helper 2 cytokines after ovalbumin
inhalation challenge (Jin et al., 2010). Rolipram, a classic
PDE4-specific inhibitor that elevates cAMP levels, inhibited
TNF production in monocytes and macrophages (Kelly et al.,
1996; Gantner et al., 1997; Wang et al., 1997). Oral or intrat-
racheal administration of PDE4-specific inhibitors have been
shown to reduce lung inflammation and airway hyper-
responsiveness, attenuate leukocyte infiltration and inhibit
cytokine production in the lung (Dastidar et al., 2009;
Kobayashi et al., 2011; Nials et al., 2011).

MAPKs include ERK1/2 and ERK5, and stress-activated
protein kinases p38 MAPK and JNK. They regulate many
cellular responses such as mitosis, differentiation, cellular

growth and inflammatory response. MAPKs are activated by
phosphorylation of regulatory tyrosine and threonine resi-
dues within the activation loop by upstream kinases in
response to extracellular stimuli such as cellular stress, bacte-
rial products, growth factors, cytokines or chemokines
through activation of GPCRs or kinase-linked receptors
(Plotnikov et al., 2011).

MAPK phosphatases (MKPs) are a subgroup of a larger
family of dual specificity phosphatases that dephosphorylate
phosphotyrosine and phosphoserine/phosphothreonine resi-
dues in regulatory and signalling proteins. MKPs have a dis-
tinct MAPK binding domain, which enables them to interact
with MAPK, and hence, they function as endogenous inhibi-
tors of MAPK pathways (Patterson et al., 2009). MKPs include
more than 10 phosphatases and they have differences in
expressional pattern, tissue distribution, intracellular loca-
tion and substrate specificity. MKP-1 is a nuclear phosphatase
present in most cell types and tissues. The expression of
MKP-1 is up-regulated by factors such as cellular stress,
cytokines and LPS (Boutros et al., 2008). MKP-1 mainly inhib-
its p38 MAPK and, in some cell types, JNK signalling, and it
suppresses the expression of inflammatory genes, including
TNF (Chi et al., 2006; Zhao et al., 2006; Turpeinen et al., 2010;
Korhonen et al., 2011). MKP-1(–/–) mice display more severe
inflammatory response and increased mortality to LPS in vivo,
and they have reduced IL-12 production and impaired anti-
microbial clearance (Chi et al., 2006; Zhao et al., 2006; Huang
et al., 2011; Korhonen et al., 2012).

Glucocorticoids and anti-rheumatic gold compounds
increase the expression of MKP-1, and their anti-inflammatory
effects have been shown to be mediated, at least in part, by
MKP-1 (Abraham et al., 2006; Nieminen et al., 2010). The
promoter of MKP-1 contains two cAMP-responsive elements
(CRE) (Kwak et al., 1994), which bind a transcription factor
cAMP-responsive element binding protein (CREB), and MKP-1
expression has been reported to be regulated by cAMP-PKA-
CREB pathway (Zhang et al., 2008; Brion et al., 2011; Lee et al.,
2012). Therefore, we hypothesized that MKP-1 expression may
be regulated by PDE4 inhibitors. In the present study, we
investigated the effects of PDE4 inhibitor rolipram on MKP-1
expression and on TNF production in activated macrophages
and on the development of an acute carrageenan-induced
oedema response in vivo. Interestingly, rolipram increased
MKP-1 expression, inhibited TNF production in macrophages
and suppressed carrageenan-induced inflammation in mice,
and these effects were mediated by MKP-1.

Methods

Materials
Reagents were obtained as follows: LPS from Escherichia coli
strain 0111:B4 (Sigma-Aldrich Inc., St. Louis, MO, USA), rol-
ipram [4-(3-cyclopentyloxy-4-methoxy-phenyl)-pyrrolidin-2-
one; Axon MedChem, Groningen, The Netherlands], PKA
inhibitor 6–22 amide (PKAi; Millipore, Merck Chemicals Ltd.,
Nottingham, UK) and BIRB 796 [1-(5-tert-butyl-2-p-tolyl-2H-
pyrazol -3-yl) -3(4- (2-morpholin-4-yl-ethoxy)naphthalen-1-
yl)urea; Axon MedChem] were purchased as indicated. IBMX
and 8-Br-cAMP (8-bromoadenosine 3′,5′-cyclic monophos-
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phate) were obtained from Sigma-Aldrich Inc. Antibodies for
phospho-CREB (#9196), CREB (#9197), phospho-p38 MAPK
(#9211), MAPK-activated protein kinase 2 (MK2) (#3042) and
phospho-MK2 (27B7, #3007) were purchased from Cell Sign-
aling Technology Inc. (Beverly, MA, USA). p38 MAPK antibody
(ab27986) and PDE4A antibody (ab14607) were purchased
from Abcam plc. (Cambridge, UK) and MKP-1 antibody
(SAB2500331) was obtained from Sigma-Aldrich Inc. Actin
antibody (sc-1615), PDE4B antibody (sc-25812), PDE4D anti-
body (sc-25814), polyclonal anti-rabbit antibody (sc-2004)
and polyclonal anti-goat antibody (sc-2020) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Lipo-
fectamine 2000 (Life Technologies Europe BV, Espoo, Finland)
and Luciferase Assay System (Promega, Madison, WI, USA)
were obtained as indicated. CRE reporter [pCRE(luc)neo] was a
kind gift from Professor Hartmut Kleinert (Johannes Guten-
berg University, Mainz, Germany). All other reagents were
from Sigma-Aldrich Inc., unless otherwise stated.

Cell culture
J774 murine macrophages (ATCC, Rockville Pike, MD, USA)
were cultured at 37°C in 5% CO2 atmosphere in DMEM sup-
plemented with glutamax-1 containing 10% heat-inactivated
FBS, 100 U·mL-1 penicillin, 100 mg·mL-1 streptomycin and
250 ng·mL-1 amphotericin B (all from Invitrogen, Paisley,
UK). For experiments, cells were seeded on 24-well plates at a
density of 2 ¥ 105 cells per well. Cell monolayers were grown
for 72 h before the experiments were started. Rolipram, IBMX
and BIRB 796 were dissolved in dimethyl sulfoxide (DMSO),
and 8-Br-cAMP in HBSS. LPS (10 ng·mL-1) or the compounds
of interest at concentrations indicated or the solvent (DMSO,
0.1% v/v) were added to the cells in fresh culture medium
containing 10% FBS and the supplements. Cells were further
incubated for the time indicated.

The effect of LPS and the tested chemicals on cell viability
was evaluated by Cell Proliferation Kit II (XTT) (Roche
Diagnostics, Mannheim, Germany) (Korhonen et al., 2001;
Hämäläinen et al., 2009). Neither LPS nor the other chemicals
used in the experiments were observed to evoke cytotoxicity.

Animals
Inbred C57BL/6 MKP-1(–/–) mice were originally generated
by the R. Bravo laboratory at Bristol-Myers Squibb Pharma-
ceutical Research Institute (Dorfman et al., 1996) and bred at
the University of Tampere School of Medicine animal facili-
ties. MKP-1(–/–) mice and their wild-type (WT) littermates
were housed under conditions of optimum light, temperature
and humidity (12:12 h light–dark cycle, 22 � 1°C, 50–60%)
with food and water provided ad libitum.

Isolation of peritoneal macrophages and
cell culture
For the collection of peritoneal macrophages (PMs), mice
were killed according to the regulations of the University of
Tampere School of Medicine Animal Unit. Mice were killed by
suffocation with CO2, followed by an immediate cervical dis-
location. Primary mouse PMs were obtained by i.p. lavage
with sterile PBS supplemented with 0.2 mM EDTA. Cells
were washed, resuspended in RPMI 1640 medium supple-
mented with 2% heat-inactivated FBS, 100 U·mL-1 penicillin,

100 mg·mL-1 streptomycin, and seeded on 24-well plates (5 ¥
105 cells per well). The cells were incubated overnight and
washed with PBS to remove non-adherent cells before the
experiments. Pharmacological compounds or the solvent
(DMSO, 0.1% v/v) were added to the cells in fresh culture
medium containing 2% heat-inactivated FBS and the antibi-
otics (see previous discussion), and cells were stimulated with
LPS (100 ng·mL-1). Cells were further incubated for the time
indicated. The results are reported in accordance with the
ARRIVE guidelines (McGrath et al., 2010).

Carrageenan-induced paw oedema
The study was approved by the National Animal Experiment
Board. C57BL/6 mice (20–25 g) were divided into groups of
six mice and treated with 200 mL of PBS or rolipram
(100 mg·kg-1 in PBS) by an i.p. injection 2 h before applying
carrageenan. Before the administration of carrageenan, the
mice were anaesthetized by i.p. injection of 0.5 mg·kg-1 of
medetomidine (Domitor® 1 mg·mL-1; Orion Oyj, Espoo,
Finland) and 75 mg·kg-1 of ketamine (Ketalar® 10 mg·mL-1;
Pfizer Oy Animal Health, Helsinki, Finland). The mice
received a 30 mL i.d. injection of carrageenan (1.5%, dissolved
in normal saline) in one hind paw. The contralateral paw
received 30 mL of saline and it was used as a control. Paw
volume was measured before and 3 h after the carrageenan
injection with a plethysmometer (Ugo Basile, Comerio, Italy).
Oedema is expressed as a change in paw volume over time.
After the experiments, the anaesthetized animals were killed
by cervical dislocation. The results are reported in accordance
with the ARRIVE guidelines (McGrath et al., 2010).

Preparation of cell lysates and Western
blot analysis
At the indicated time points, the culture medium was
removed from the cells. Cells were rapidly washed with
ice-cold PBS and solubilized in cold lysis buffer contain-
ing 10 mM Tris–HCl, 5 mM EDTA, 50 mM NaCl, 1% Triton
X-100, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, 20 mg·mL-1 leupeptin, 50 mg·mL-1

aprotinin, 5 mM sodium fluoride, 2 mM sodium pyrophos-
phate and 10 mM n-octyl-b-D-glucopyranoside. After incuba-
tion for 15 min on ice, lysates were centrifuged, and the
supernatants were collected and mixed in a ratio of 1:4,
with SDS loading buffer (62.5 mM Tris–HCl, pH 6.8, 10%
glycerol, 2% SDS, 0.025% bromophenol blue and 5%
b-mercaptoethanol), and stored at -20°C until analysed.

Prior to Western blot analysis, the samples were boiled for
10 min. Equal aliquots of protein (20 mg) were loaded on a
10% SDS-polyacrylamide gel and separated by electro-
phoresis. Proteins were transferred to Hybond-enhanced
chemiluminescence nitrocellulose membrane (Amersham,
Buckinghamshire, UK) by semi-dry electroblotting. After
transfer, the membrane was blocked in TBS/T [20 mM Tris-
base (pH 7.6), 150 mM NaCl, 0.1% Tween-20] containing 5%
non-fat milk for 1 h at room temperature. For detection of
phosphorylated proteins, membranes were blocked in TBS/T
containing 5% BSA. Membranes were incubated overnight at
4°C with primary antibody and for 1 h with secondary anti-
body, and the chemiluminescent signal was detected by
ImageQuant™ LAS 4000 mini (GE Healthcare Bio-Sciences
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AB, Uppsala, Sweden). The chemiluminescent signal was
quantified with ImageQuant TL 7.0 Image Analysis Software
(GE Healthcare Bio-Sciences AB).

RNA extraction and real-time RT-PCR
At the indicated time points, the culture medium was
removed, and cell homogenization and RNA extraction were
carried out using GenEluteTM Mammalian Total RNA Mini-
prep Kit (Sigma-Aldrich Inc.) according to the manufacturer’s
instruction. Reverse transcription of RNA to cDNA was per-
formed by TaqMan® reverse transcription reagents (Applied
Biosystems, Foster City, CA, USA), according to the supplier’s
instructions. The primer and probe sequences and concentra-
tions were optimized according to the manufacturer’s guide-
lines in TaqMan Universal PCR Master Mix Protocol part
number 4304449 revision C (Applied Biosystems) and were
as follows: 5′-CAAGGATGCTGGAGGGAGAGT-3′ (forward,
300 nM), 5′-TGAGGTAAGCAAGGCAGATGGT-3′ (reverse,
300 nM), 5′-TTTGTTCATTGCCAGGCCGGCAT-3′ (probe con-
taining 6-FAM as 5′-reporter dye and TAMRA as 3′-quencher,
150 nM) for mouse MKP-1, 5′-AATGGCCTCCCTCTCATCAG
TT-3′ (forward, 300 nM), 5′-TCCTCCACTTGGTGGTTTGC-3′
(reverse, 300 nM), 5′-CTCAAAATTCGAGTGACAAGCCTGT
AGCCC-3′ (probe containing 6-FAM as 5′-reporter dye and
TAMRA as 3′-quencher, 150 nM) for mouse TNF, 5′-GCATG
GCCGGCCGTGTTC-3′ (forward, 300 nM), 5′-GATGTCAT
CATACTTGGCAGGTTT-3′ (reverse, 300 nM) and 5′-TCGTG
GATCTGACGTGCCGCC-3′ (probe containing 6-FAM as 5′-
reporter dye and TAMRA as 3′-quencher, 150 nM) for mouse
GAPDH. Primers and probes were obtained from Metabion
(Martinsried, Germany). TaqMan Gene Expression assays
for mouse PDE4A (Mm01147149_m1), mouse PDE4B
(Mm00456879_m1), mouse PDE4C (Mm01333237_m1) and
mouse PDE4D (Mm01253862_m1) were purchased from Life
Technologies (Life Technologies Europe BV). The PCR param-
eters were as follows: incubation at 50°C for 2 min, incuba-
tion at 95°C for 10 min, and thereafter, 40 cycles of
denaturation at 95°C for 15 s and annealing and extension at
60°C for 1 min. Each sample was determined in duplicate. A
standard curve method was used to estimate the relative
mRNA levels. When calculating the results, MKP-1 and TNF
mRNA levels were first normalized against GAPDH.

ELISA
Culture medium samples were collected and stored at -20°C
until assayed. The concentrations of mouse TNF (DuoSet®
ELISA, R&D Systems Europe Ltd., Abingdon, UK) were deter-
mined by ELISA according to the manufacturer’s instructions.
The concentrations of acetylated cAMP in J774 cell lysates
were determined using cAMP ELISA Kit (Cell Biolabs Inc.,
San Diego, CA, USA) according to the manufacturer’s
instructions.

Statistics
Results are expressed as mean � SEM. When appropriate,
one-way ANOVA with Dunnett’s or Bonferroni’s post-test, two-
way ANOVA with Bonferroni’s post-test or two-way repeated
measures ANOVA with Bonferroni’s post-test was performed
using GraphPad Prism 5 for Windows version 5.04 (GraphPad

Software Inc., La Jolla, CA, USA). Differences were considered
significant at *P < 0.05, **P < 0.01 or ***P < 0.001.

Results

PDE4 inhibitor rolipram enhanced MKP-1
expression in activated macrophages
PDE4 isoforms are widely expressed in different cell types,
including inflammatory cells (Bender and Beavo, 2006). First,
we investigated the expression of PDE4 in J774 macrophages
and PM. PDE4 isoforms A, B and D have been reported to be
present in monocytes and PDE4B is expressed in macro-
phages (Shepherd et al., 2004). Both mRNA and protein of
PDE4A, PDE4B and PDE4D were found to be present in J774
cells. LPS stimulation for 1 h did not change PDE4A, PDE4B
or PDE4D levels in J774 cells (Supporting Information Fig-
ure S1). PDE4A mRNA was the most abundant isoform
detected by qRT-PCR in J774 cells. Only PDE4B mRNA was
detected in mouse primary PM from WT and MKP-1(–/–)
mice. Three hour stimulation with LPS increased PDE4B
mRNA in PM (Supporting Information Figure S1). mRNA
levels of PDE4A and PDE4D were very low, and PDE4C was
not detected in PMs from WT or MKP-1(–/–) mice (Supporting
Information Figure S1).

Rolipram is a selective PDE4 inhibitor that inhibits all
PDE4 isoforms A, B, C and D (Wang et al., 1997). Rolipram
increased cAMP levels in J774 macrophages, as expected
(Supporting Information Table S1). MKP-1 promoter con-
tains two copies of cAMP responsive (Kwak et al., 1994), and
CREB has been reported to regulate the transcription of
MKP-1 gene (Zhang et al., 2008). Therefore, we investigated
the effect of a PDE4 inhibitor rolipram on MKP-1 expression
in J774 mouse macrophages. MKP-1 mRNA and protein
expression was increased by LPS and it was further enhanced
in the presence of rolipram in J774 cells (Figure 1A, B).
MKP-1 mRNA expression was increased also by a cAMP ana-
logue 8-Br-cAMP and a non-selective PDE inhibitor IBMX in
J774 cells (Figure 1A).

Because MKP-1 is an endogenous inhibitor of p38 MAPK
in macrophages (Chi et al., 2006; Zhao et al., 2006; Korhonen
et al., 2011), we investigated the effect of rolipram on p38
MAPK pathway. Phosphorylation of p38 MAPK and its direct
substrate MK2 was increased in response to LPS and they
were reduced by rolipram (Figure 1C, D). p38 MAPK inhibitor
BIRB 796, used as a control compound, inhibited MK2 phos-
phorylation, as expected (Figure 1D). LPS-stimulated MKP-1
expression was increased by rolipram in PM also (Figure 2).

Increased MKP-1 expression by rolipram was
inhibited by a PKA inhibitor
MKP-1 expression has been shown to be increased in
response to cAMP (Brion et al., 2011), and PDE4B has
recently been reported to inhibit MKP-1 expression in
mucosa by a mechanism dependent on cAMP and PKA (Lee
et al., 2012). Therefore, we continued by investigating the
effect of PKA inhibitor on MKP-1 expression in J774 macro-
phages. PKA inhibitor 6–22 amide (PKAi), alone or in com-
bination with LPS, did not affect MKP-1 levels in J774 cells.
Rolipram increased LPS-induced MKP-1 mRNA expression,
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but that effect was not seen in the presence of PKAi
(Figure 3A). Rolipram also increased CREB phosphorylation
in LPS-treated cells, and this effect was also reverted by PKAi
in J774 cells (Figure 3B). Furthermore, rolipram increased
luciferase activity in A549 cells transfected with a CRE
reporter plasmid, and the increased luciferase activity was
reversed by the PKAi (Supporting Information Figure S2).
These results suggest that rolipram increased MKP-1 expres-
sion by a mechanism dependent on cAMP-PKA-CREB
pathway. In addition, reduction in LPS-induced p38 MAPK
phosphorylation by rolipram was also reversed in the pres-

ence of PKAi (Figure 3C), supporting the hypothesis that
PDE4 inhibition leads to the increased MKP-1 expression
and this has functional significance to the activity of p38
MAPK.

PDE4 inhibitor rolipram inhibited TNF
production in activated mouse macrophages
TNF is a cytokine whose expression is known to be regulated
by MKP-1 and p38 MAPK. Therefore, we continued by inves-
tigating the effect of rolipram on TNF production in macro-
phages. Rolipram inhibited LPS-induced TNF production in
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Figure 1
Effects of rolipram, IBMX and 8-Br-cAMP on MKP-1 expression and p38 MAPK phosphorylation in activated J774 macrophages. (A) J774 cells were
stimulated with LPS (10 ng·mL-1) in the presence or absence of rolipram (2 mM), IBMX (100 mM) or 8-Br-cAMP (100 mM) for 1 h. MKP-1 mRNA
was detected by quantitative RT-PCR, and MKP-1 mRNA expression levels were normalized against GAPDH mRNA levels. The results are expressed
as mean � SEM, number of repeats = 6. J774 cells were stimulated with LPS (10 ng·mL-1) in the presence or absence of rolipram (2 mM) or BIRB
796 (100 nM) and (B) MKP-1 protein (at 1 h), (C) phosphorylated p38 MAPK (at 30 min) and (D) phosphorylated MK2 (at 30 min) were detected
by Western blot. The chemiluminescent signal was quantified and the amounts of MKP-1 and phosphorylated p38 MAPK or MK2 were normalized
against actin and total p38 MAPK or MK2 respectively. Phosphorylated p38 MAPK and MK2 levels are expressed in arbitrary units, LPS-simulated
cells were set as 100%, and the other values were related to that value. The results are expressed as mean � SEM; number of repeats = 4 for MKP-1
and MK2 and number of repeats = 6 for p38 MAPK. One-way ANOVA with Bonferroni’s post-test was performed and statistical significance is
indicated as **P < 0.01 and ***P < 0.001.
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a dose-dependent manner (IC50 25.9 nM), and maximal/
submaximal inhibition was observed with 2 mM drug concen-
tration in J774 cells (Figure 4A). Rolipram also reduced LPS-
induced TNF mRNA levels in J774 macrophages (Figure 4C).
TNF production was also inhibited by a non-selective PDE
inhibitor IBMX and by a cAMP analogue 8-Br-cAMP
(Figure 4B).

In addition to PDE4, monocytes and macrophages have
been reported to express PDE3B, which degrades both cAMP
and cGMP in a manner that cGMP inhibits the degradation of
cAMP (Bender and Beavo, 2006). A PDE3 inhibitor milrinone
at 10 mM concentration (Sudo et al., 2000) did not inhibit
TNF production in J774 cells (Figure 4B), suggesting that the

Figure 2
Effect of rolipram on MKP-1 mRNA levels in primary mouse perito-
neal macrophages. Peritoneal macrophages were treated with LPS
(100 ng·mL-1) in the presence or in the absence of rolipram (2 mM)
or with 8-Br-cAMP (100 mM) alone for 1 h. MKP-1 mRNA levels were
measured by quantitative RT-PCR and normalized against GAPDH
mRNA levels. The results are expressed as mean � SEM, number of
repeats = 4. One-way ANOVA with Bonferroni’s post-test was per-
formed and statistical significance is indicated as *P < 0.05 and **P <
0.01.

Figure 3
Effects of rolipram and PKA inhibitor on the expression of MKP-1
mRNA and phosphorylation of CREB and p38 MAPK in activated J774
macrophages. (A) J774 cells were pre-incubated with rolipram
(2 mM) or PKA inhibitor 6–22 amide (PKAi, 5 mM) for 1 h and stimu-
lated then with LPS (10 ng·mL-1) for 1 h. MKP-1 mRNA was detected
by quantitative RT-PCR and normalized against GAPDH mRNA levels.
The results are expressed as mean � SEM, number of repeats = 8. (B,
C) J774 cells were pre-incubated with rolipram (2 mM) or PKA inhibi-
tor 6–22 amide (PKAi, 5 mM) for 1 h and stimulated with LPS
(10 ng·mL-1) for 30 min and phophorylated CREB and phosphor-
ylated p38 MAPK were detected by Western blot. The chemilumi-
nescent signal was quantified, and the phosphorylated CREB and
p38 MAPK were normalized against total CREB and total p38 MAPK
respectively. Phosphorylated CREB and p38 MAPK levels are
expressed in arbitrary units, LPS-simulated cells were set as 100%,
and the other values were related to that value. The results are
expressed as mean � SEM, number of repeats = 8. One-way ANOVA

with Bonferroni’s post-test was performed and statistical significance
is indicated as *P < 0.05, **P < 0.01 and ***P < 0.001.
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PDE4 activity is selectively involved in the regulation of TNF
production in J774 macrophages. A p38 inhibitor BIRB 796
also inhibited TNF production as expected and it further
enhanced the effect of rolipram (Figure 4B). TNF production
was inhibited by the p38 MAPK inhibitor BIRB 796 in PMs
also (Figure 5).

The inhibition of TNF expression and
carrageenan-induced paw inflammation by
a PDE4 inhibitor rolipram was mediated
by MKP-1
Because rolipram increased MKP-1 expression and inhibited
TNF production, we hypothesized that MKP-1 could mediate
the anti-inflammatory effects of rolipram. To test the hypoth-
esis, we first investigated the effect of rolipram on LPS-
induced TNF production in PM from WT and MKP-1(–/–)
mice. TNF mRNA and protein expression was induced by LPS
in PM from WT mice, and that was clearly (by 74 and 63% for
TNF mRNA and TNF protein, respectively) inhibited by rol-
ipram. LPS-induced TNF production was enhanced in PM
from MKP-1(–/–) mice as compared to that in PM from WT
mice, which is in line with the published results (Chi et al.,
2006; Zhao et al., 2006; Korhonen et al., 2011). Interestingly,
the inhibition of TNF mRNA and protein expression by rol-
ipram was markedly attenuated in PM from MKP-1(–/–) mice
and did not reach statistical significance (Figure 6).

To investigate whether MKP-1 could mediate the anti-
inflammatory effects of rolipram also in vivo, we tested the
effect of rolipram on the severity of carrageenan-induced paw
inflammation in WT and MKP-1(–/–) mice. Carrageenan-
induced paw oedema was markedly attenuated by rolipram in

WT mice, while rolipram did not have any effect on paw
oedema in MKP-1(–/–) mice (Figure 7).

Discussion and conclusions

In the present study, we investigated the effects of a PDE4
inhibitor rolipram on TNF expression in macrophages and on

Figure 4
Effects of rolipram, IBMX and 8-Br-cAMP on TNF expression in J774 mouse macrophages. (A) J774 cells were incubated with rolipram alone (2 mM)
or in the presence of increasing concentrations of rolipram for 1 h and stimulated then with LPS (10 ng·mL-1) for 24 h, and TNF accumulated into
the culture medium was measured by ELISA. (B, C) J774 cells were pre-incubated by rolipram (2 mM), IBMX (100 mM), milrinone (10 mM), BIRB 796
(100 nM) and stimulated with LPS (10 ng·mL-1) or with the combination of LPS and 8-Br-cAMP (100 mM) for 24 h (TNF protein) or 3 h (TNF
mRNA). TNF accumulated into the culture medium was measured by ELISA. TNF mRNA levels were measured by quantitative RT-PCR and
normalized against GAPDH mRNA levels. The results are expressed as mean � SEM, number of repeats = 6 for TNF protein and number of repeats
= 3 for TNF mRNA. One-way ANOVA with Dunnett’s post-test (A) or Bonferroni’s post-test (B, C) was performed and statistical significance is
indicated as ***P < 0.001.

Figure 5
Effect of p38 MAPK inhibitor BIRB 796 on TNF production in primary
mouse peritoneal macrophages. Peritoneal macrophages were pre-
incubated with a p38 MAPK inhibitor BIRB 796 (100 nM) for 30 min
and stimulated then with LPS (100 ng·mL-1) for 24 h. TNF accumu-
lated into the culture medium was measured by ELISA. The results are
expressed as mean � SEM, number of repeats = 4. One-way ANOVA

with Bonferroni’s post-test was performed and statistical significance
is indicated as ***P < 0.001.
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carrageenan-induced acute paw inflammation in vivo, and the
role of MKP-1 in mediating those effects of rolipram. The
results show that rolipram increased the expression of MKP-1,
inhibited the production of TNF in activated macrophages
and reduced the severity of carrageenan-induced paw inflam-
mation. Furthermore, using MKP-1(–/–) mice and macro-
phages from these animals, we showed that those effects of
rolipram were mediated by MKP-1.

Studies with different PDE4 isoform-deficient mice and
with selective PDE4 inhibitors have shown that PDE4 is a
potential target for anti-inflammatory drug treatments.

PDE4A, PDE4B and PDE4D are present in human and mouse
monocytes and macrophages, and the expression of PDE4B is
increased after in vivo LPS challenge (Verghese et al., 1995; Jin
and Conti, 2002). Earlier studies have shown that in U937
human monocytes, certain splice variants of PDE4A and
PDE4D predominates and when these cells are differentiated
to macrophages, PDE4B2 activity becomes predominating
(Shepherd et al., 2004). In this study, PDE4A, PDE4B and
PDE4D were found to be present in J774 cells, while in PM,
which differentiate from monocytes to macrophages in vivo,
only PDE4B expression was observed.

Of the PDE4 isoforms present in inflammatory cells,
PDE4B, and PDE4D to some extent, seems to be an important
regulator of inflammation and immune response. PDE4B-
deficient mice display suppressed innate immune response
and increased survival after in vivo LPS administration,
and macrophages from PDE4B(–/–) mice, but not from
PDE4A(–/–) or PDE4D(–/–) mice, produce less TNF in response
to LPS as compared to WT macrophages (Jin and Conti, 2002;
Jin et al., 2005). Furthermore, PDE4B(–/–) mice have attenu-
ated ovalbumin-specific T-cell responses, and this was associ-
ated with reduced lung inflammation evoked by inhaled
ovalbumin and ameliorated airway hyper-responsiveness
induced by methacholine (Jin et al., 2010). Adhesion of neu-
trophils to endothelium and their chemotaxis is impaired in
PDE4B(–/–) and PDE4D(–/–) mice, showing that both PDE4B
and PDE4D are intrinsic and non-redundant regulators of
neutrophil functions (Ariga et al., 2004). PDE4 selective
inhibitor rolipram has been shown to inhibit airway
hyper-responsiveness, leukocytes accumulation and cytokine
release in the lung in ovalbumin-asthma model in mice
(Ikemura et al., 2000; Kanehiro et al., 2001). In humans, selec-
tive PDE4 inhibitor roflumilast has been approved for the
treatment of chronic obstructive pulmonary disease, and it
improves lung functions and reduces the incidence of disease

Figure 6
Effect of MKP-1 on the inhibition of TNF production by rolipram in
primary mouse peritoneal macrophages. Peritoneal macrophages
from wild-type (WT, open bars) and MKP-1(–/–) (black bars) mice
were incubated with LPS (100 ng·mL-1) for (A) 3 h and (B) 24 h for
TNF mRNA and protein determinations respectively. TNF mRNA
levels were measured by quantitative RT-PCR and normalized against
GAPDH mRNA levels. TNF protein accumulated into the culture
medium was measured by ELISA. The results are expressed as mean �

SEM, number of repeats = 6 for TNF mRNA and number of repeats =
8 for TNF protein. Two-way ANOVA with Bonferroni’s post-test was
performed and statistical significance is indicated as ns, non-
significant; *P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 7
Effect of rolipram and MKP-1 on carrageenan-induced acute paw
inflammation. Rolipram (100 mg·kg-1, i.p.) was administered 2 h
prior to the experiment. In the beginning of the experiment (0 h),
hind paw volumes were measured with a plethysmometer. Carra-
geenan or vehicle (control) was i.d. injected, and paw volumes were
measured after 3 h with a plethysmometer. Oedema is expressed as
the difference between the volume changes of the carrageenan
treated paw and the control paw, mean � SEM, number of repeats
= 6. Two-way repeated measures ANOVA with Bonferroni’s post-test
was performed and statistical significance is indicated as ns (non-
significant) and ***P < 0.001.
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exacerbations (Chong et al., 2011). Furthermore, roflumilast
has been reported to attenuate lung inflammation in patients
with mild asthma after allergen challenge (Gauvreau et al.,
2011). Another selective PDE4 inhibitor apremilast has been
recently proven effective in the treatment of plaque psoriasis
and psoriatic arthritis (Papp et al., 2012; Schett et al., 2012).

MKP-1 is a nuclear tyrosine/threonine phosphatase that
primarily regulates the phosphorylation of p38 MAPK and
JNK, and MKP-1(–/–) mice display excessive inflammatory
response and increased mortality to LPS challenge (Chi et al.,
2006; Zhao et al., 2006; Korhonen et al., 2011) as well as
exacerbated chronic inflammation in arthritis models
(Salojin et al., 2006; Vattakuzhi et al., 2012). MKP-1 promoter
contains two CRE (Kwak et al., 1994), and cAMP-PKA-CREB
pathways have been reported to regulate MKP-1 expression
(Zhang et al., 2008; Brion et al., 2011; Lee et al., 2012). In this
study, we found that rolipram increased cAMP levels and
enhanced CREB phosphorylation and MKP-1 expression in
J774 cells and CREB-driven transcription in A549 cells, and
those effects were decreased by a PKA inhibitor. In addition,
cAMP analogue 8-Br-cAMP increased MKP-1 levels in J774
cells. Moreover, rolipram inhibited p38 MAPK phosphoryla-
tion and that effect was removed by the PKA inhibitor. These
results suggest that the increased MKP-1 expression by rol-
ipram was due to activation of cAMP-PKA-CREB pathway.
Our results also show that the increased MKP-1 expression by
rolipram via cAMP-PKA-CREB pathway had functional effects
on p38 MAPK pathway, as evidenced by reduced phosphor-
ylation of MK2, which is a direct down-stream target of p38
MAPK. This was further supported by the findings that rol-
ipram did not inhibit TNF expression in PMs from MKP-1(–/–)
mice, and that carrageenan-induced paw inflammation was
inhibited by rolipram in WT mice, but not in MKP-1(–/–)
mice. These findings strongly suggest that the anti-
inflammatory effects of rolipram on TNF expression and on
carrageenan-induced inflammation in vivo are mediated by
MKP-1, which is a novel finding and a new anti-
inflammatory mechanism of action of PDE4 inhibitors.

PDE3B is expressed in macrophages, and it degrades both
cAMP and cGMP. PDE3 has been suggested to participate in
insulin, insulin-like growth factor 1 and leptin signalling
(Barber et al., 2004; Bender and Beavo, 2006). In our experi-
ments, selective PDE3 inhibitor milrinone (Sudo et al., 2000)
did not inhibit TNF production, which is in line with a
previous study reporting that pharmacological inhibition
of PDE3 does not affect TNF production in macrophages
(Gantner et al., 1997).

MKP-1 has also been linked to the pathogenesis of chronic
inflammatory diseases and anti-inflammatory drug effects.
MKP-1(–/–) mice display increased disease penetrance and
exacerbated inflammation and osteolysis in experimental
arthritis models (Salojin et al., 2006; Vattakuzhi et al., 2012).
This is interesting because PDE4 inhibitors may hold thera-
peutic potential in the treatment of chronic inflammation
other than inflammatory lung diseases. PDE4 inhibitors amel-
iorate the development of arthritis in murine models, and
roflumilast and another selective PDE4 inhibitor apremilast
reduce inflammatory cytokine release from human rheuma-
toid synovial cells (Ross et al., 1997; Yamaki et al., 2007;
McCann et al., 2010; Crilly et al., 2011). Recently, apremilast
has been reported to be effective in the treatment of plaque

psoriasis and psoriatic arthritis (Papp et al., 2012; Schett et al.,
2012). Apremilast also reduced the epidermal thickening,
keratinocyte proliferation and the development of psoriform-
like histopathological features in human skin xenograft/
severe combined immunodeficiency mouse model of psoriasis
(Schafer et al., 2010). It is possible that enhanced MKP-1
expression, at least in part, mediates the anti-inflammatory
effects of PDE4 inhibitors in chronic inflammation.

There is evidence showing that MKP-1 is associated with
effects of other anti-inflammatory drugs. MKP-1 expression is
increased by glucocorticoids (Kassel et al., 2001; Shipp et al.,
2010), and the macrophages from MKP-1(–/–) mice are less
sensitive to the inhibition of inflammatory gene expression
by glucocorticoids (Abraham et al., 2006). Furthermore, the
attenuation of the acetylcholine-induced bronchial contrac-
tion by glucocorticoids was reduced in MKP-1(–/–) mice (Li
et al., 2011). We have recently reported that anti-rheumatic
gold compounds increase the expression of MKP-1 in
chondrocytes and cartilage from rheumatoid arthritis
patients; and using siRNA and MKP-1(–/–) mice, we showed
that the inhibition of inflammatory gene expression by gold
compounds was mediated by MKP-1 (Nieminen et al., 2010).
In addition, MKP-1 gene transfer suppressed osteoclastogen-
esis in macrophages, reduced the accumulation of inflamma-
tory cells into the bone and attenuated the inflammatory
bone loss evoked by LPS (Yu et al., 2010). Based on these
findings, it is possible that some anti-inflammatory drug
effects are mediated by MKP-1 also in patients. Importantly,
MKP-1 expression in dendritic cells has been shown to
be important for development of effective antimicrobial
responses (Huang et al., 2011). Also, MKP-1 enhances the
expression of interferon regulatory factor 1 and IL-12
(Korhonen et al., 2012), both important factors for the devel-
opment of cell-mediated immune response and effective anti-
microbial defence. Hence, the present study and the
published reports support the idea that MKP-1 holds poten-
tial as a novel anti-inflammatory drug target. MKP-1 is an
endogenous factor that suppresses inflammatory response
and the development of pathological changes in tissues
without compromising anti-microbial defence.

In conclusion, the present study shows that a PDE4
inhibitor rolipram enhanced MKP-1 expression through
cAMP-PKA-CERB pathway and inhibited TNF production in
activated macrophages and attenuated carrageenan-induced
paw inflammation in mice. Importantly, rolipram failed to
inhibit TNF production in macrophages from MKP-1(–/–)
mice and to attenuate carrageenan-induced paw inflamma-
tion in MKP-1-deficient animals. We propose that the anti-
inflammatory effects of PDE4 inhibitors are, at least partly,
mediated by enhanced MKP-1 expression, which is a novel
finding and a new mechanism of action for the anti-
inflammatory effects of PDE4 inhibitors. The results also
support the idea that compounds that enhance MKP-1
expression or its function hold potential as novel anti-
inflammatory drugs.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 The expression of PDE4A, PDE4B, PDE4C and
PDE4D in J774 macrophages and mouse primary peritoneal
macrophages (PM) from WT and MKP-1(–/–) mice.

Figure S2 cAMP-responsive element-driven transcription
was increased by rolipram and inhibited PKA inhibitor 6-22
amide (PKAi) in A549 human bronchial epithelial cells.
Table S1 The effect of rolipram on cAMP levels in J774
macrophages.
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