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both Th1 and Th2 cytokines in mice

Joachim Hoppmann, Wolfgang Bäumer, Christin Galetzka,
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Abstract

The selective phosphodiesterase 4 (PDE4) inhibitor AWD 12-281 is structurally optimized for topical

administration. It has potent effects in models of lung inflammation if administered as a dry powder

inhalation. It has also demonstrated its anti-inflammatory property in a mouse model of cutaneous

inflammation after topical administration. The aim of this study was to evaluate whether AWD 12-

281 may be capable of penetrating human skin. Therefore a new guinea-pig model of allergic skin

inflammation had to be developed. In ovalbumin-sensitized guinea-pigs, intracutaneous adminis-

tration of ovalbumin results in a rapid development of allergic skin wheals. Topically administered

AWD 12-281 was capable of reducing the development of wheals, indicating that this compound can

penetrate the stratum corneum of guinea-pig skin as a predictor of human skin penetration. A

secondary aim was the evaluation of a T cell subtype preference of AWD 12-281 since PDE4 inhibitors

are said to preferentially inhibit Th2-type cytokines. Therefore, the effects of AWD 12-281 on a broad

spectrum of Th1- and Th2-type cytokines were studied in tissue homogenates after allergen chal-

lenge in sensitized mice and in supernatants of anti CD3/anti-CD28-stimulated peripheral blood

mononuclear cells (PBMCs). In both models, AWD 12-281 suppressed both T cell subtype cytokines

indicating a broad spectrum activity of AWD 12-281. A further issue was to determine the duration

of action and the concentration–response relationship of the topical activity of AWD 12-281 using a

model of acute local inflammation — the arachidonic-acid-induced mouse ear oedema. The com-

pound exhibited a dose-dependent effect with a minimally effective concentration of 0.3%; after

repeated administration the minimally effective concentration was found to be 0.03%. A single

administration of a 3% solution resulted in significant suppression of inflammation even 48 h after

treatment. In conclusion, our results indicate that AWD 12-281 is a very promising drug candidate

not only for the treatment of lung inflammation using inhalative administration but also for the

treatment of atopic dermatitis.

Introduction

The potential use of phosphodiesterase 4 (PDE4) inhibitors as agents for the treatment of
inflammatory disorders, like asthma, chronic obstructive pulmonary disease andmultiple
sclerosis, has received considerable attention (Dyke & Montana 2002). In addition to
these diseases, atopic dermatitis is a possible target for PDE4 inhibitors. The PDE4
isoenzyme is the major cyclic-AMP metabolizing enzyme in immune and inflammatory
cells, including leucocytes, from patients with atopic dermatitis (Grewe et al 1982;
Hanifin et al 1996). The efficacy of PDE4 inhibitors in the treatment of atopic dermatitis
has already been demonstrated in clinical studies. The PDE4 inhibitor arofylline
(Almirall-Prodesfarma) was as effective as prednisone in controlling pruritus and skin
lesions in dogs with atopic dermatitis but its efficacy was associated with characteristic
PDE4 inhibitor side effects, such as nausea and vomiting, as a result of systemic exposure
(Ferrer et al 1999). In two clinical trials, the efficacy of PDE4 inhibitors in the treatment
of patients with atopic dermatitis was demonstrated with cipamfylline (Glaxo Smith



Kline, Leo Pharmaceuticals) and atizoram (Pfizer) (Hanifin
et al 1996). However, again, systemic side effects limited
further development even in the case of cipamphylline and
atizoram, which were administered topically. A PDE4 inhi-
bitor that is optimized for the topical route (i.e. which has
a potent and long-lasting local effect after topical adminis-
tration but at minimal systemic exposure) should be a
very interesting drug candidate for treatment of atopic
dermatitis. N-(3,5-Dichloropyrid-4-yl)-[1-(4-fluorobenzyl)-
5-hydroxy-indole-3-yl]-glyoxylic acid amide (AWD 12-
281) is a new selective PDE4 inhibitor being optimized for
topical administration (Kuss et al 2003). The efficacy of
AWD 12-281 was demonstrated in different models of air-
way inflammation (Kuss et al 2002) and bronchocon-
striction (Kuss et al 2003). Currently AWD 12-281 is
undergoing clinical development phase IIa for chronic
obstructive pulmonary disease (COPD) (Kuss et al 2003).
Recently, the anti-inflammatory capacity of AWD 12-281
was demonstrated in amodel of immunological skin inflam-
mation in mice — the toluene-2,4-diisocyanate mouse ear
swelling test (TDI-MEST). In this model, prophylactic and
therapeutic administration of AWD 12-281 was capable of
suppressing ear swelling and infiltration of granulocytes
after TDI-challenge in ears of sensitized mice. In these
studies, only topical administration of AWD 12-281 was
effective, whereas systemic administration failed to reduce
the allergic response (Bäumer et al 2002, 2003). For the
pharmaceutical development of topical drugs it is a prere-
quisite to document percutaneous penetration. This was
previously demonstrated for AWD 12-281 in murine back
skin in the Franz diffusion cell (Bäumer et al 2003).
However, as mouse and human skin differ in anatomy,
particularly the thickness of the stratum corneum, no clear
prediction about the ability of AWD 12-281 to penetrate
human skin can be made from these studies. For this rea-
son, the main aim of this study was to develop a new
pharmacological model able to predict human skin penetra-
tion. As the thickness of the stratum corneum, being the
main barrier to percutaneous skin penetration, is similar in
human and guinea-pig skin, this species was selected to
develop such an in-vivo model. Guinea-pigs are frequently
used for allergic reactions since they can be easily sensitized
using ovalbumin (OVA) (Evilevitch et al 1999). If guinea-
pigs are challenged by intradermal injection of the specific
allergen (i.e. OVA), a so-called wheal and flare reaction is
immediately induced (Derks et al 1997). If test substances
are topically administered onto the skin, an effect on the
size of the allergic skin wheal can be taken as a quantifiable
pharmacological effect. Since the allergen is administered
intradermally while the treatment occurs topically, this
model can be taken as a proof of drug penetration through
guinea-pig skin. The test compound, AWD 12-281, was
administered as a solution in dimethyl sulfoxide (DMSO)
and acetone for studying the overall anti-inflammatory
potential of this PDE4 inhibitor in this model. However,
depolar aprotic solvents, like DMSO, alter the barrier prop-
erties of the basal stratum corneum cells, as they cause a
swelling of these cells and a disruption of the normal keratin
pattern (Sharata & Burnette 1988). For this reason, in a
separate set of experiments AWD 12-281 was also topically

administered in a DMSO-free water-in-oil cream for study-
ing skin penetration.

A further aim of this work was the determination of a
potential T cell subtype preference of AWD 12-281. The
discussion about a general T cell subtype preference of
PDE4 inhibitors is still ongoing (Essayan et al 1997;
Bielekova et al 2000). As both Th1 and Th2 cells are
involved in the progression of atopic dermatitis, com-
pounds suppressing both types of cytokines are needed to
show good activity in atopic dermatitis. Recently, the inhi-
bitory effect of AWD 12-281 on the release of interleukin
(IL)-4, IL-6 and macrophage inflammatory protein-2
(MIP-2) was shown in a model of allergic skin reaction —
the toluene-2,4-diisocyanate (TDI)-inducedmouse ear swel-
ling test (MEST) (Bäumer et al 2003). Because of the limited
number of cytokines being analysed in these reported stu-
dies, no statement about a possible T cell subtype preference
could have beenmade for AWD12-281 up to now. By using
the Bio-plex (Bio-Rad,Munich, Germany) cytokine assay it
was possible to survey a broad panel of Th1- and Th2-type
cytokines. In this study, samples for cytokine analysis were
generated from TDI-challenged ears of sensitized mice and
from anti-CD3/anti-CD28-activated peripheral blood
mononuclear cells (PBMCs). An additional task was to
characterize the duration of action and the concentration–
response relationship of the anti-inflammatory property of
AWD12-281.As theTDI test inmice has a read out only 24–
48h after challenge, this is not well suited for time course
experiments. Therefore the arachidonic-acid-induced mouse
ear oedema was utilized, allowing also demonstration of the
activity of AWD 12-281 in a non-immunological model of
skin inflammation.

Material and Methods

All procedures were carried out in agreement with the current
version of the German Law on the Protection of Animals.

Material

AWD 12-281 was synthesized by elbion AG (Radebeul,
Germany). Arachidonic acid, toluene-2,4-diisocyanate
(TDI), ovalbumin, indometacin and diflorasone diacetate
were supplied by Sigma-Aldrich Chemie (Deisenhofen,
Germany). Acetone and dimethyl sulfoxide (DMSO) were
purchased fromMerck (Darmstadt, Germany). The protein
content was measured using a Bio-Rad protein assay
(Munich, Germany). Ketamine was obtained from
Serumwerk Bernburg (Bernburg, Germany) and xylazine
was supplied by WDT (Neustadt am Ruebenberge,
Germany). Pyrilamine (mepyramine) maleate was pur-
chased from ICN Biochemicals GmbH (Eschwege,
Germany). RPMI 1640 medium was obtained from
Invitrogen (Karlsruhe, Germany). The water-in-oil cream,
in accordance with the European Pharmacopoeia 2005, was
produced by Pharmatec (Kiel, Germany). The respective
amounts of micronized AWD 12-281 to obtain a 1–5%
concentration were worked into the cream formulation; the
cream without AWD 12-281 served as vehicle.
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OVA-sensitized guinea-pig model

The animal study was registered by Landesregierung
Sachsen, Dresden, Germany (Az. 24-9168.21-2-2003-2).
Male CRL (HA) BR guinea-pigs were obtained from
Charles River (Sulzfeld, Germany). All guinea-pigs were
healthy and housed in groups of 4 per cage at 22�C with a
12-h light–dark cycle. Water and a standard diet (sniff,
Soest, Germany) were freely available. Before immuniza-
tion, challenge or substance treatment was performed,
guinea-pigs were anaesthetized by intraperitoneal admin-
istration of ketamineþ xylazine (40mg kg�1þ 5mgkg�1).
The guinea-pigs were anaesthetized for approximately 70–
80min. Anaesthesia was found to be necessary to prevent
the guinea-pigs from scratching, which would have biased
the results of the assay for two reasons — on one hand,
the scratching could have had effects on the allergic
(inflammatory) reaction and on the other, scratching
would have distributed active compound administered
onto the skin into deeper layers of the skin possibly
mimicking penetration, as indicated by Gummer &
Maibach (1986). On two consecutive days, guinea-pigs
were immunized by intraperitoneal injection of 20�g
OVA and 20�g aluminium hydroxide. For assessing the
sensitization status, guinea-pigs were challenged by intra-
dermal injection of 50�L OVA (0.05%) in 4 locations on
the back skin 14 days after immunization. As successful
intradermal administration of the solution results imme-
diately in a visible papule (resulting from the injected
volume), the areas of these non-allergic wheals were mea-
sured immediately after allergen challenge. The immuno-
logical reaction as a result of allergen challenge appeared
as allergic wheals on the skin within 60min after chal-
lenge. This time point was selected to evaluate drug
effects. The area of the allergic skin wheals was measured
and the area of the non-allergic wheal was subtracted to
quantify the allergic response. The areas were obtained by
drawing the circumferences of wheals on a transparent
plastic film immediately and 60min after antigen chal-
lenge. The circumferences were copied on white paper by
using a photocopying machine (141% magnification) and
cut out. Weights of paper cuts were converted into area of
wheals by using a calibration curve (weight of paper with
a defined area). Only those guinea-pigs showing a total
allergic wheal area of at least 100mm2 (pooled from all 4
locations) were considered as sufficiently sensitized for
drug testing. To prevent an anaphylactic reaction, the
antihistamine mepyramine maleate (10mg kg�1) was
always intraperitoneally administered 30 minutes before
antigen challenge. Five days after the first challenge, drug
administration was initiated. Substances were topically
applied to four locations of the back skin once daily on
four consecutive days before challenging the guinea-pigs
for the second time. As vehicle formulations, a solution in
acetone–DMSO (9:1, v/v) and a water-in-oil cream were
used. The last treatment was performed 5 h before allergen
challenge. The application volume was 50�L per location
for the acetone–DMSO solution and 1mg cm�2 for the
water-in-oil cream. As a reference compound, the potent
steroid diflorasone diacetate was used.

Effect of AWD 12-281 in Th1- and

Th2-type cytokines

Ex-vivo samples to evaluate cytokine levels were gener-
ated using the mouse ear swelling test in TDI-sensitized
mice. In addition, the effect on cytokine release was eval-
uated in-vitro using anti-CD3/anti-CD28-stimulated
human peripheral blood mononuclear cells (PBMCs).
The TDI test and the generation of ear tissue homoge-
nates were performed according to the method described
previously (Gad et al 1986; Bäumer et al 2003). The animal
study was registered by Bezirksregierung Hannover,
Germany (Az. 509i-42502-98A839). Two hours before
TDI challenge, the ears of sensitized mice were treated
topically with 20�L 3% AWD 12-281 or acetone–
DMSO (9:1) as vehicle solution. Twenty-four hours
later, mice were killed by cervical dislocation and their
ears were resected, snap frozen and stored in liquid nitro-
gen immediately after sampling. For determination of
biochemical parameters, ears were homogenized under
liquid nitrogen. Homogenates were taken up in 200�L
RPMI 1640 medium containing 1mmol protease inhibitor
Pefabloc (Boehringer Mannheim, Germany). After
centrifugation (10 000 g, 10min, 4�C) supernatants were
collected and the protein content was quantified using a
Bio-Rad protein assay (Munich, Germany).

For the PBMC assay, human mononuclear cells were
obtained from heparinized venous blood of healthy sub-
jects through Ficoll Hypaque (Pharmacia, Uppsala,
Sweden) density centrifugation. The obtained mononuc-
lear cells were washed with phosphate-buffered saline
(PBS), resuspended in RPMI1640 with 25mM Hepes
supplemented with 10% fetal calf serum and seeded in
96-well microtitre plates (5� 105 cells/50 �L/well). AWD
12-281 was dissolved in DMSO and diluted in RPMI
1640 medium to a final DMSO concentration of 0.1%.
Then different test substance concentrations were added
(25�L/well). Thirty minutes later, the cells were stimu-
lated with anti-CD3 (0.5�gmL�1) and anti CD28
(1�gmL�1) antibodies (25 �L/well) and mixed shortly.
The plates were incubated for 18 h at 37�C in a humidi-
fied atmosphere of 5% CO2. The microtitre plate was
centrifuged at 200 g for 10min. The supernatant was
removed and frozen at �70�C until the measurement.
The content of cytokines was measured with the Bio-
plex cytokine assay (Bio-Rad, Munich, Germany) and
plotted against the concentration of AWD 12-281; IC50
values (half maximum inhibition base on maximum inhi-
bition at 1�mol L�1 AWD 12-281) were calculated using
3 parameter Hill Fit (Sigma Plot for windows, version
7.0, SPSS Inc., Chicago, USA).

Arachidonic-acid-induced mouse

ear oedema model

The animal study was registered by Landesregierung
Sachsen, Dresden, Germany (Az. 24-9168.21-2-2002-27).
The arachidonic-acid-induced mouse ear oedema model
was performed according to the method described
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previously (Rao et al 1993). In brief, in female NMRI
mice, 6–8 weeks old, 20–25 g (Charles River, Sulzfeld,
Germany), an inflammatory response was induced by
application of 20�L 5% arachidonic acid in acetone on
left ears. The ear thickness was measured with a cutimeter
(Model 7309; Mitutoyo, Neuss, Germany) before, as well
as 60min after, induction of inflammation. The arachido-
nic-acid-induced increase in ear thickness was calculated
for each mouse as the difference between the left ear
thickness before and 60min after administration of ara-
chidonic acid. Substances were administered topically on
ears in an acetone–DMSO solution (9:1). The applied
volume was 20�L.

For testing the concentration–response relationship, mice
were treated topically with AWD12-281 in concentrations of
0.03–3%or its vehicle (acetone–DMSO, 9:1). One group was
treated topically with 1% indometacin as reference.
Treatment was performed 5h before induction of inflamma-
tion. For testing the duration of action, mice were treated
with 3%AWD12-281 or its vehicle acetone–DMSO (9:1) up
to 60h before induction of inflammation. In a further study,
the anti-inflammatory effect of single and multiple adminis-
tration of AWD 12-281 was compared. Mice were treated
with AWD 12-281 0.03% or 0.1%, or its vehicle, as a single
dose or once daily on four consecutive days. The last treat-
ment was performed 5h before induction of inflammation.

Statistical analysis

A non-parametric analysis of variance, the Kruskal–Wallis
test, followed by the Dunnett’s test was used for multiple
comparison. P<0.05 was considered significant. For com-
parison of two different groups, the Mann–Whitney test U-
test was used. Statistical analysis was performed by
SigmaStat for windows 2.03 (SPSS Inc., Chicago, IL).

Results

Percutaneous penetration of AWD 12-281:

OVA-sensitized guinea-pig model

Intracutaneous administration of OVA in mepyramine-pre-
treated guinea-pigs resulted in a reproducible allergic reac-
tion, represented as allergic wheals. The combined area of
the 4 wheals amounted to 127� 31mm2 in vehicle-treated
guinea-pigs. Topical administration of AWD 12-281 on 4
consecutive days resulted in a dose-dependent reduction of
the wheal area. With 1% AWD 12-281, a significant reduc-
tion of 37% could be observed while a 3% solution resulted
in a 45% reduction, indicating that topical administration
resulted in a pharmacological effect. When guinea-pigs
were treated with the steroid diflorasone diacetate as refer-
ence, the increase in area of allergic wheals was reduced to
one-third compared with vehicle (Figure 1).

In a separate experiment AWD 12-281 was adminis-
tered in a water-in-oil cream. In vehicle-treated guinea-
pigs the combined area of allergic wheals amounted to
206� 45mm2. Pre-treatment of guinea-pigs with 1% or
3% AWD 12-281 in a water-in-oil cream significantly

reduced the area of allergic wheals by approximately
45%. On increasing the concentration of AWD 12-281 in
the water-in-oil cream to 5%, a significant reduction by
65% could be observed (Figure 2).

Effect of AWD 12-281 on Th1- and Th2-type

cytokines

One ex-vivo preparation inmice and one in-vitromodel using
human immune cells was used to evaluate the effect of AWD
12-281 on a panel of Th1- and Th2-type cytokines. Topical
administration of TDI onto mice ears in the TDI-sensitized
mice resulted in high contents of IL-1�, IL-6, IL-10 and
granulocyte–macrophage-colony-stimulating factor GM-
CSF in vehicle-treated ears, whereas the contents of tumour
necrosis factor-� (TNF-�), IL-12 (p40), IL-2 and IL-3 were
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below20pg/500�gprotein. Inaddition, quantifiable contents
of KC (keratinocyte-derived chemokine; functional homolo-
gue to human IL-8), MIP-1� and RANTES (regulated upon
activation, normal T-cell expressed and secreted) were mea-
sured. Comparing these contents with the contents of ears
pretreatedwith 3%AWD12-281, anoverall suppressive effect
could be observed. The most pronounced suppression was
observed for IL-1� (87% inhibition), granulocyte-colony-sti-
mulating factor G-CSF (�80%), IL-10 (�75%) and IL-6
(�74%). Furthermore, pretreating ears with AWD 12-281
reduced the expression of KC (�54%), MIP-1� (�58%) and
RANTES (�43%) (Table 1). In general, AWD 12-281 sup-
pressed the concentration of all measured cytokines, which
couldbequantified followingTDIchallenge in sensitizedmice.

To extend these results to human tissue, PBMCs from
healthy subjects were used. Cytokine release was induced
by anti-CD3/anti-CD28 stimulation. Again, pretreatment
with AWD 12-281 resulted in an overall reduction of the
content of measured cytokines and IC50 values could be
determined for AWD 12-281. The compound was very
effective in suppressing the release of IL-1� (IC50
29� 7 nmolL�1), IL-2 (IC50 23� 4 nmol L�1), IL-4
(IC50 29� 4nmolL�1), IL-5 (IC50 42� 13 nmolL�1), IL-
13 (IC50 77� 24nmolL�1), TNF-� (IC50 84�
19 nmolL�1) and IFN-� (IC50 49� 16nmolL�1). The esti-
mated IC50 values for the cytokines IL-6, IL-8, IL-10 and
IL-12 were between 110 and 189nmolL�1 (Table 2).

Dose–response and duration of action

of AWD 12-281

To evaluate the dose–response effect of AWD 12-281 as well
as the duration of action, the arachidonic-acid-induced

mouse ear oedema model was used. Administration of ara-
chidonic acid in vehicle-treated control mice induced a mean
increase in ear thickness of 0.103� 0.028mm 60min after
administration. Topical administration of AWD 12-281 5h
before arachidonic acid provocation dose dependently
reduced the ear swelling. The minimum effective concentra-
tion of AWD 12-281 capable of significantly reducing the
inflammatory reaction was 0.3%. AWD 12-281 5% was as
effective as indometacin 1% (Figure 3).

To evaluate the duration of action after one single admin-
istration, AWD 12-281 (3%) was applied onto the mice ears
at varying time points before arachidonic acid provocation.

Table 1 Increase in ear swelling and content of cytokines and chemokines in ear-tissue homogenates 24 h after TDI challenge in mice

Vehicle control AWD 12-281 (3%) x-fold decrease following treatment

Increase in ear swelling (mm) 0.108� 0.047 0.00� 0.06*

Lymph node weight (mg) 4.9� 0.5 3.3� 0.3* 1.5

Cytokines (pg/500�g protein)

IL-1� 679� 99 90� 24* 7.5

IL-2 15� 0.66 10.00� 0.87* 1.5

IL-3 14� 2 8.0� 0.8* 1.8

IL-4 75� 8 35� 7* 2.1

IL-5 54� 10 23� 7* 2.3

IL-6 162� 29 42� 22* 3.9

IL-10 134� 25 33� 4* 4.0

IL-12 (p40) 12� 1 8� 2 1.5

IL-12 (p70) 86� 12 80� 16 1.1

IL-17 18� 0.9 1.0� 3.2* 1.5

TNF-� 6� 0.5 3.0� 0.7* 2.0

IFN-� 48� 8 23� 8* 2.1

GM-CSF 136� 15 70� 18* 1.9

G-CSF 93� 50 19� 11* 4.9

Chemokines (pg/500�g protein)

KC 156� 67 71� 17* 2.2

MIP-1 1357� 67 574� 115* 2.4

RANTES 359� 57 205� 27* 1.8

Data are given as mean� s.e.m. of five mice per group. *P<0.05, compared with vehicle controls.

Table 2 IC50 values of AWD 12-281 on cytokine release from

human peripheral blood mononuclear cells (PBMCs) being

stimulated with anti-CD3/anti-CD28 (0.5�gmL�1/1�gmL�1)

Cytokine IC50 (nmol L�1)

IL-1� 29� 7

IL-2 23� 4

IL-4 29� 4

IL-5 42� 13

IL-6 159� 91

IL-8 189� 111

IL-10 110� 12

IL-12 (p70) 135� 100

IL-13 77� 24

TNF-� 84� 19

IFN-� 49� 16

Data are given as mean� s.e.m. of 4 assays.

A PDE4 inhibitor is active in guinea-pig model of skin inflammation and suppresses Th1 and Th2 cytokines in mice 1613



While a similar level of anti-inflammatory effect was found
if the compound was administered 2h, 5 h or 24h before
arachidonic acid provocation, the effect was reduced but still
significant for the time points 36 and 48h pre-treatment
indicating that a single administration resulted in a pharma-
cological effect lasting more than 24h (Figure 4). To further
support the long duration of action, low concentrations of
AWD 12-281 (i.e. 0.03% or 0.1%) were repetitively applied
once daily on 4 consecutive days. While repeated adminis-
tration of vehicle had no effect on ear swelling, both

concentrations of AWD 12-281, being inactive after a single
administration, significantly reduced the ear swelling if
tested 5h after the fourth administration (Figure 5).

Discussion

Systemic bioavailability of PDE4 inhibitors includes the
risk of inducing side effects, like nausea, vomiting and
headache (Dyke & Montana 2002). One of the strategies

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Vehicle

Ea
r 

sw
el

lin
g

 (
m

m
)

∗

∗

∗ ∗
∗

AWD 12-281

0.03% 0.1% 0.3% 1.0% 3.0% 5.0% 1.0%

Indo

Figure 3 Effects of topical treatment with AWD 12-281 and indometacin on arachidonic-acid-induced ear swelling in mice. Bars represent

mean ear swelling (� s.d.) at 60min after induction of inflammation. Vehicle (dotted bars), AWD 12-281 (white bars) and indometacin (Indo,

hatched bars) were applied topically to mouse ears 5 h before administration of arachidonic acid. *P<0.05, compared with vehicle, n¼ 6.

0.00

0.05

0.10

0.15

0.20

0.25

2 5 24 36 48 60

Time of administration before treatment with
arachidonic acid (h)

Ea
r 

sw
el

lin
g

 (
m

m
)

Vehicle
3% AWD 12-281

∗∗

∗∗
∗∗

∗
∗

Figure 4 Effect of topical treatment with AWD 12-281 on arachidonic-acid-induced ear swelling in mice. Bars represent mean ear swelling (�
s.d.) at 60min after induction of inflammation. Mice were treated with 3% AWD 12-281 (hatched bars) or its vehicle (white bars) up to 60 h

before induction of inflammation. *P<0.05, **P<0.01 compared with vehicle at corresponding pretreatment times, n¼ 6.

1614 Joachim Hoppmann et al



to overcome this is to optimize a compound for topical
administration. AWD 12-281 is currently under develop-
ment as such a compound. Several factors contribute to
this profile, the most important ones being very low oral
bioavailability and extensive glucoronidation of the com-
pound after absorption. A third important feature needed
is long persistence in target tissue after topical adminis-
tration. Indeed, AWD 12-281 was shown to have these
features if administered as dry powder inhalation (Kuss
et al 2002, 2003). While previous work has focused mainly
on inhalative administration, similar features are not only
needed for dermal administration to prevent systemic
toxicity, but at the same time are also expected to be
delivered by AWD 12-281. However, to be effective
AWD 12-281 has to penetrate into the affected tissue.
While for respiratory indications penetration into lung
tissue after inhalation may be predictive for man, the
situation is different for the skin. The stratum corneum,
being the main barrier for skin penetration, varies grossly
over the species. As the thickness of the stratum corneum
is 8.8� 1.0�m in hairless mouse and 18.2� 3.3�m in
human skin, mouse skin bears a poor resemblance to
human skin, whereas the thickness of the stratum cor-
neum in guinea-pigs (18.6� 1.2�m) is similar to that in
man (Sato et al 1991). Priborsky & Muhlbachova (1990)
examined the permeability characteristics of human and
laboratory animal skin. They demonstrated that skin per-
meability in rats is much higher than in man. In contrast,
the permeability of human and guinea-pig skin was not
significantly different in their experiments. For these
reasons we developed a model for studying percutaneous
penetration of AWD 12-281 in guinea-pigs. In this model,
allergen was administered intracutaneously while drug
treatment was performed topically. Therefore, inhibition
of the development of allergic reaction following allergen

challenge requires drug penetration through the stratum
corneum. In a first experiment, the anti-inflammatory
effect of AWD 12-281 was compared with that of the
steroid diflorasone diacetate. As vehicle, a DMSO–acet-
one solution was used. As the nature of the model is rather
severe, even the potent steroid diflorasone diacetate was
unable to completely suppress the inflammatory response.
Therefore, the concentration-dependent effect of AWD
12-281, although less potent than diflorasone, is very
encouraging and indicates the potent activity of this com-
pound. However, as DMSO alters the barrier properties
of the stratum corneum, this may have altered the skin
penetration of AWD 12-281. For this reason a second
experiment was performed using a DMSO-free water-in-
oil cream as a galenical formulation for topical adminis-
tration of AWD 12-281. In this second experiment, AWD
12-281 was also able to significantly reduce the allergic
reaction following topical administration in this formula-
tion. The conclusion of this guinea-pig study is that AWD
12-281 is likely to penetrate through human skin after
topical administration in a DMSO-free simple water-in-
oil cream formulation. The secondary aim was the evalua-
tion of a preference for Th1- or Th2-type cytokines by
AWD 12-281. Some evidence can be taken as a hint that
PDE4 inhibitors may lead to a preferential inhibition of
Th2 responses, because Th1 cells showed reduced gene
expression for the PDE4C and PDE4D isoforms
(Essayan et al 1997). In contrast, published data document
that PDE4 inhibitors predominantly suppress Th1-
mediated immune responses in man (Bielekova et al
2000; Claveau et al 2004). Determination of cytokines in
atopic dermatitis patients points out that both Th1 and
Th2 mediated cytokines are involved in the pathology of
the disease (Toda et al 2003). From these data it was
concluded that atopic dermatitis comprises at least two
different allergic responses. The Th2-type allergen-specific
reaction is important in the onset of the disease, whereas
the chronic phase characterized by maintenance and
aggravation is a predominantly Th1-type immune
response (Grewe et al 1998; Spergel et al 1999). There-
fore, drugs for the treatment of atopic dermatitis should
suppress both Th1- and Th2-mediated reactions (Inoue
at al 2003).

In this study, the effect of AWD 12-281 on Th1- and
Th2-type cytokines was investigated in tissue homoge-
nates of TDI challenged mouse ears. The contact allergen
TDI is capable of inducing IgE-dependent or IgE-inde-
pendent allergic dermatitis. According to the sensitization
regime the allergen response to TDI challenge in sensitized
mice can be predominantly a Th1 or a Th2 cell driven
process (Scheerens et al 1999). Bäumer et al (2003) demon-
strated that the expression of cytokines like IL-1�, IL-4,
IL-6 and MIP-2 is increased in TDI-challenged ears of
sensitized mice. Topical administration of 3% AWD 12-
281 reduced the amount of these cytokines in TDI-treated
ears significantly. The inhibitory effect of AWD 12-281 on
the expression of IL-4 and IL-6 was confirmed in our
experiments. Furthermore, the expression of the growth,
differentiation and activating factor for neutrophilic gran-
ulocytes and their progenitors, G-CSF, was decreased by
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80% in TDI-challenged ears being pretreated with 3%
AWD 12-281. Additionally, topical administration of
AWD 12-281 reduced the expression of IL-1� in TDI-
challenged ears by 87%. The chemokines RANTES,
MIP-1� and KC were suppressed in TDI-challenged and
AWD 12-281-treated ears. These chemokines have poten-
tial roles in allergic diseases (Kaburagi et al 2001). The
conclusion of the cytokine analysis in ear-tissue homoge-
nates of TDI-challenged mouse ears is that AWD 12-281
is capable of suppressing the release of both Th1- and
Th2-type cytokines. These results are in line with cyto-
kine measurements from anti-CD3/anti-CD28-activated
PBMCs being pretreated with AWD 12-281. The func-
tional responses following anti-CD8/anti-CD28 stimula-
tion of T cells are comparable with antigen-induced
responses in vivo. However, contrast to the in-vivo situa-
tion where antigens stimulate only specific T cells, anti-
CD3 antibodies stimulate all T cells in a mixed population
(Tiefenthaler & Hunig 1989). Human PBMCs following
stimulation with anti-CD3 and co-stimulation with anti-
CD28 released a broad spectrum of both Th1- and Th2-
type cytokines. Pretreating cells with AWD 12-281 sup-
pressed the release of both Th1- and Th2-type cytokines in
anti-CD3/anti CD28-stimulated PBMCs. No preferred
effect on either Th1- or Th2-type cytokines was observed.
The IC50 for IL-2, IFN�, IL-4 and IL-5 values were
within a narrow range of 23–49 nmol L�1. The effective
inhibition of the release of Th1 and Th2 cytokines in the
ex-vivo, as well as in the in-vitro, experiment underlines
the likelihood of efficacy of AWD 12-281 in the treatment
of the acute and chronic phase of atopic dermatitis.

A further aim of these studies was to characterize the
dose–response relationship and duration of action of
AWD 12-281 to see whether a long-lasting effect could
be achieved, thus permitting topical treatment despite the
rapid hepatic glucuronidation after absorption, which lim-
its the possibility of systemic effects. The data generated
indicate that the duration of action of a single administra-
tion clearly exceeded 24 h and that multiple administra-
tion resulted in a potentiation of the pharmacological
effect. Despite the fact that we used the mouse for these
experiments, these data are indicative that a long duration
of action can be also expected in man, since the stratum
corneum, being the main diffusion barrier and at the same
time the reservoir for active drug, is thicker in man, allow-
ing a build up of an even greater reservoir in the skin
compared with mice.

Conclusion

The results show that AWD 12-281 is a very effective
anti-inflammatory substance with outstanding properties
concerning topical administration. As the substance sup-
pressed the allergic response in the OVA guinea-pig model
it can be predicted that AWD 12-281 penetrates human
skin after topical administration.

Concerning the absence of a T cell subtype preference,
it is expected that AWD 12-281 is effective in the acute
and in the chronic phase of atopic dermatitis.
Furthermore, the long-lasting effect following single

administration and the enhanced anti-inflammatory effi-
cacy after repeated administration indicate the storage of
AWD 12-281 in the stratum corneum. Moreover, the
topical administration provides a way of limiting systemic
exposure and unwanted side effects. As clinical efficacy of
PDE4 inhibitors has been demonstrated with cipamfylline
and CP80633 (Hanifin et al 1996; Griffiths et al 2002), it is
in all likelihood that topical treatment with AWD 12-281
is effective in patients with atopic dermatitis.
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