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Abstract

We investigated and compared the pharmacological ef-
fects of a PDE4 inhibitor ASP3258 (3-[4-(3-chlorophenyl)-
1-ethyl-7-methyl-2-oxo-1,2-dihydro-1,8-naphthyridin-3-yl]
propanoic acid), with those of roflumilast, the most clini-
cally advanced PDE4 inhibitor known. ASP3258 inhibited
human PDE4A, 4B, 4C, and 4D with respective ICs, values of
0.036, 0.050, 0.45, and 0.035 nmol/I, all approximately 3-6
times more potent than roflumilast. ASP3258 inhibited LPS-
induced TNF-a production and PHA-induced IL-5 produc-
tion in human whole blood cells with respective ICs, values
of 110 and 100 nmol/I, both approximately 10 times less po-
tent than roflumilast. Repeatedly administered ASP3258 and
roflumilast both suppressed chronic airway eosinophilia in-
duced by repeated exposure to ovalbumin in Brown Norway
rats with respective EDs, values of 0.092 and 0.17 mg/kg.
We also evaluated the toxicological profiles of ASP3258.
Although PDE4 inhibitors induce emesis by mimicking the
pharmacological action of an a,-adrenoceptor antagonist,
repeated administration of ASP3258 (3 mg/kg) had no such
inhibitory effect on rats anesthetized with a,-adrenoceptor

agonist . PDE4 inhibitors are also known to induce vascular
injury in rats. Although repeatedly administered ASP3258 (3
and 10 mg/kg) significantly increased plasma fibrinogen, a
biomarker for toxicity, 1 mg/kg of ASP3258 did not. These
results suggest that ASP3258 is an attractive PDE4 inhibitor
for treating chronic eosinophilic airway inflammation due to
asthma. Copyright © 2012 S. Karger AG, Basel

Introduction

Asthma is a chronic inflammatory disorder of the air-
way induced by various initiating factors. During its de-
velopment, the airway is infiltrated by inflammatory cells
like eosinophils, mast cells, and CD4+ T lymphocytes,
which produce inflammatory mediators that subsequent-
ly exacerbate and perpetuate the inflammatory state [1,
2]. This chronic inflammation, which is associated with
airway hyperresponsiveness (AHR) and typically leads
to airflow obstruction, is an important component of
the progression of asthma [3]. Although glucocorticoids
are presently the most effective anti-inflammatory ther-
apy available for many inflammatory diseases, including
asthma, some patients show poor or even no response
[4]. Therefore, novel anti-inflammatory agents with dif-
ferent mechanisms of action need to be identified.
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Cyclic nucleotide phosphodiesterases (PDEs) are en-
zymes which metabolize cAMP and cGMP into 5-AMP
and 5-GMP, respectively. At least 11 isozymes of PDE
(PDE1-11) have been identified thus far, and PDE4, the
major isozyme in leukocytes, consists of four subtypes:
PDE4A, 4B, 4C, and 4D. Except for PDE4C, these sub-
types are distributed in a number of cell types that are
considered important in the pathogenesis of inflamma-
tory airway diseases [5]. Studies in genetically modified
mice have revealed that PDE4B ablation suppresses an-
tigen-induced eosinophilia and asthmatic responses [6]
and that PDE4D ablation may be responsible for the oc-
currence of emesis [7]. PDE4 inhibitors are believed to
be one such alternative anti-inflammatory agent, as these
compounds exhibit a range of anti-inflammatory effects
such as suppressing inflammatory mediator production
and inhibiting leukocyte infiltration into inflamed tis-
sues by a mechanism different from that employed by
glucocorticoids [8, 9]. However, while clinical trials of
PDE4 inhibitors have shown the expected efficacy in
asthma patients [10], these compounds are known to
induce emesis in a number of animal species, including
humans, and vascular injury mainly in rats but also in
dogs and monkeys, suggesting that there is also a risk for
humans[11-18].

ASP3258 (3-[4-(3-chlorophenyl)-1-ethyl-7-methyl-2-
o0x0-1,2-dihydro-1,8-naphthyridin-3-yl] propanoic acid)
is a novel and highly selective PDE4 inhibitor derived
from naphthyridin [19] that lacks the 3,4-dialkoxyphenyl
group found in roflumilast [20] and cilomilast [21], the
most clinically advanced PDE4 inhibitors known. Our
previous studies have shown that ASP3258 exerts a wide
range of anti-inflammatory [19, 22, 23] and antiasthmat-
ic effects [24] with low emetic potential in several animal
models of acute airway inflammation in which symp-
toms were induced by one-time antigen exposure. For
instance, ASP3258 inhibited ovalbumin (OVA)-induced
production of interleukin (IL)-4, tumor necrosis factor
(TNF)-a, and cysteinyl leukotrienes and leukocyte infil-
tration into the airways of rats, as well as also inhibiting
OVA-induced bronchoconstriction and AHR, two char-
acteristic symptoms of asthma, in sensitized guinea pigs
[19, 24]. However, given that asthma is a chronic airway
inflammation, its effects on airway inflammation need to
be investigated using a chronic disease model.

To evaluate the therapeutic potential of ASP3258, we
examined the inhibitory effects of ASP3258 on human
PDE4 enzymes, cytokine production in whole blood cells,
and OVA-induced chronic airway leukocyte infiltration
in rats and compared our findings with those achieved
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with roflumilast. In addition, possible adverse effects of
repeatedly administered ASP3258, such as emetic activ-
ity and vascular injury, were also evaluated.

Materials and Methods

Animals

Brown Norway (BN) and F344/N rats were purchased from
Charles River Japan (Kanagawa, Japan) and SLC (Shizuoka,
Japan), respectively. All experiments were carried out in ac-
cordance with regulations of the Animal Ethics Committee of
Astellas Pharma Inc.

Chemicals

ASP3258 and roflumilast were synthesized by Astellas
Pharma Inc. (Tsukuba, Japan), while prednisolone was pur-
chased from Nacalai Tesque Inc. (Kyoto, Japan). These com-
pounds were suspended in 0.5% methylcellulose (Shin-Etsu
Chemical, Tokyo, Japan) and orally administered to the
animals. OVA (albumin, chicken egg, grade V), 3-isobutyl-
1-methylxanthine, adenosine 3’,5'-cyclic monophosphate
sodium salt, and lipopolysaccharide (LPS; Escherichia coli,
0127:B8) were purchased from Sigma-Aldrich (St. Louis,
Mo., USA). [5',8-*H]adenosine 3',5'-cyclic phosphate, am-
monium salt, and polylysine-coated yttrium silicate scintilla-
tion proximity assay beads were purchased from Amersham
Pharmacia Biotech (Piscataway, N.J., USA). Aluminum hy-
droxide gel was prepared using aluminum sulfate and sodium
hydroxide. Phytohemagglutinin (PHA; DIFCO, Detroit, Mich.,
USA), RPMI 1640 medium (GIBCO BRL, Grand Island, N.Y.,
USA), inactivated Bordetella pertussis (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), xylazine (Celactal 2% injection;
Bayer Yakuhin, Osaka, Japan), ketamine (Ketalar 50; Sankyo,
Tokyo, Japan), and heparin (heparin for intravenous injection,
Shimizu Pharmaceutical Co., Ltd., Shizuoka, Japan) were also
purchased.

PDE4 Subtype Assay

Recombinant human PDE4A, 4B, 4C, and 4D were pre-
pared as previously described [25]. The inhibitory effects of
compounds on each PDE4 subtype were measured as previ-
ously reported [19].

Cytokine Production in Human Whole Blood Cells

Blood was collected from healthy volunteers via heparin-
ized syringes in accordance with regulations of the Research
Ethics Committee of Astellas Pharma Inc. Whole blood (20
ul) was diluted with RPMI 1640 medium and preincubated
with each test compound for 30 min at 37°C.in 5% CO, before
stimulation by 3 pug/ml LPS for TNF-a production or by 10 pg/
ml PHA for IL-5 production. The total volume of the reaction
solution was set at 200 ul/well. Twenty hours after stimulation,
the concentrations of each cytokine in the culture supernatant
were determined using a human TNF-a or IL-5 enzyme-linked
immunosorbent assay (ELISA) system (Amersham Pharmacia
Biotech).
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Table 1. IC;, values of ASP3258 and roflumilast for recombinant human PDE4 subtypes

Compound ICs, value, nmol/l

PDE4A PDE4B PDE4C PDE4D
ASP3258 0.036 (0.022-0.059) 0.050 (0.029-0.088) 0.45 (0.19-1.0) 0.035 (0.016-0.078)
Roflumilast 0.21 (0.14-0.31) 0.15(0.13-0.18) 1.7 (0.97-2.9) 0.13 (0.10-0.17)

ICs values were calculated by logistic regression using SAS. Results are presented as the mean of 4 indepen-
dent experiments. Values in parentheses represent 95% confidence intervals.

OVA-Induced Airway Eosinophilia in Sensitized BN Rats

Inhibitory effects of compounds on OVA-induced pulmo-
nary eosinophilia were determined as previously described
[26] with minor modifications. Briefly, female BN rats were
sensitized by intraperitoneal injection of OVA (1 mg) contain-
ing aluminum hydroxide gel (alum, 20 mg) and B. pertussis (6
x 10° cells) in 1 ml of PBS on day 0. Sensitized rats were ex-
posed to an aerosol of 1% (w/v) OVA for 30 min with an ultra-
sonic nebulizer NE-U12 (Omuron, Kyoto, Japan) every third
day from days 3 to 21 (7 times). Test compounds were orally
administered once daily from days 1 to 21. On the day of anti-
gen exposure, these compounds were administered 1 h before
the start of antigen inhalation. Twenty-four hours after the last
exposure, bronchoalveolar lavage fluid was obtained and the
number of eosinophils was counted.

OVA-Induced AHR in Sensitized BN Rats

AHR was measured as previously described [27] with some
modifications. Briefly, male BN rats (7 weeks) were sensitized
by intraperitoneal injections of 1 mg OVA containing 20 mg of
alum in 1 ml of saline solution for 3 consecutive days. Three
weeks later, the animals were exposed to an aerosol of 1% OVA
(w/v) with an ultrasonic nebulizer NE-U12 (Omuron, Kyoto,
Japan) for 15 min. This exposure was repeated a total of 3 times
every third day. ASP3258 was orally administered once daily
during the OVA exposure period (7 successive days). On the
day of OVA exposure, ASP3258 was administered 1 h before
the start of inhalation. Forty-eight hours after the last expo-
sure, animals were anesthetized with pentobarbital (100 mg/
kg, i.p.), and artificial respiration was applied. The animals
were exposed to aerosolized saline (baseline) followed by in-
creasing concentrations of acetylcholine (1 x 107 to 1 x 107!
mol/l) using an ultrasonic nebulizer via the trachea cannula.
The maximum airway resistance after each exposure to ace-
tylcholine was measured using a respiratory function analyzer
BioSystem XA (Buxco). The log of the acetylcholine concen-
tration required to produce an airway resistance increase equal
to 150% of the baseline value was calculated and represented as
PC150 as an index of AHR.

Duration of Anesthesia
ASP3258 (3 mg/kg) was orally administered to rats once
daily for 10 successive days. Thirty minutes after the last ad-

Therapeutic Potential of ASP3258

ministration, the rats were anesthetized by hindlimb intramus-
cular injection of xylazine (10 mg/kg) and ketamine (25 mg/
kg). The interval between the loss and recovery of the righting
reflex was defined as the duration of anesthesia.

Fibrinogen Concentration in Blood

Test compounds were orally administered to rats once daily
for 5 successive days. Thirty minutes after the last administra-
tion, blood was collected and plasma was prepared. The fi-
brinogen concentration in the plasma was determined using a
commercial assay kit (Roche Diagnostics).

Data Analysis

All statistical analyses were conducted using the SAS sys-
tem (SAS Institute Inc., Cary, N.C., USA). Data are expressed
as the mean with 95% confidence limits or mean + standard
error. For in vitro studies, the ICy, value in each independent
experiment, calculated via logistic regression analysis using the
nonlinear least squares method, was used to calculate the mean
and 95% confidence limits. For in vivo studies, the ED5, value
was calculated using linear regression. Statistical significance
of differences between group means was determined using
Student’s t test or Dunnett’s multiple range test. Values with p <
0.05 were considered significant.

Results

Inhibition of PDE4 Subtypes

ASP3258 was seen to inhibit human recombinant
PDE4A, 4B, 4C, and 4D concentration-dependently with
ICy, values of 0.036, 0.050, 0.45, and 0.035, respectively
(table 1). Roflumilast similarly inhibited-with ICs, values
of 0.21, 0.15, 1.7, and 0.13, respectively, Vqlues which are
almost identical to previous studies [28, 29]. ASP3258 in-
hibited PDE4A, 4B, and 4D with similar IC;, values, and
the inhibition was approximately 10 times less potent for
PDEA4C (table 1). ASP3258 potency ranged from approx-
imately 3 to 6 times that of roflumilast.
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Fig. 1. Effects of ASP3258, roflumilast, and prednisolone on LPS-induced TNF-a (a) and PHA-induced IL-5 (b)
production in human whole blood cells. Human whole blood diluted in culture medium was preincubated for
30 min at 37°C in the absence or presence of ASP3258, roflumilast, and prednisolone before stimulation with 3
pg/ml LPS for TNF-a production or with 10 pg/ml PHA for IL-5 production. Twenty hours after the stimulation,
each cytokine concentration in the culture supernatant was determined using ELISA. Data are expressed as mean

+ SE of 4 independent experiments.

Inhibition of TNF-a Production in Human Whole

Blood Cells

TNF-a is believed to be involved in the development
of chronic inflammatory diseases, while the inhibition
of its signaling is thought to have therapeutic potential
in various chronic inflammatory diseases [1]. We found
that LPS-stimulated human whole blood cells produced
TNF-a ata concentration of 907 + 167 pg/ml. Under LPS-
nonstimulated conditions, TNF-a production was below
the detection limit of the ELISA (<51.2 pg/ml). ASP3258,
roflumilast, and prednisolone all inhibited LPS-induced
TNEF-a production in a concentration-dependent man-
ner with ICy, values of 110, 11, and 92 nmol/l, respective-
ly (fig. 1; table 2). Like above, the results for roflumilast
were almost identical to those of a previous study using
a similar system [30]. Although ASP3258 was approxi-
mately 10 times less effective than roflumilast in inhibit-
ing LPS-induced TNF-a production, it did show similar
potency to prednisolone.

Inhibition of IL-5 Production in Human Whole Blood

Cells

IL-5 plays an essential role in orchestrating the eosin-
ophilic inflammation of asthma [31], a notion supported
by findings of an anti-IL-5 mAb reducing the number of
severe asthma exacerbations in patients with refractory
eosinophilic asthma [32]. We assessed the functional ac-
tivity of ASP3258 by measuring the PHA-stimulated IL-5
production in human whole blood cells. PHA-stimulated
human whole blood cells produced IL-5 at a concentra-
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Table 2. IC;, values of ASP3258, roflumilast, and prednisolone
for cytokine production in human whole blood cells

Compound ICs, value, nmol/l
LPS-induced TNF-a PHA-induced
production IL-5 production
ASP3258 110 (40-320) 100 (31-350)
Roflumilast 11 (6.3-21) 6.5(2.2-19)
Prednisolone 92 (51-170) 15 (9.1-25)

ICs, values were calculated by logistic regression using SAS.
Results are presented as the mean (95% confidence interval) of 4
independent experiments.

tion of 725 + 99.1 pg/ml. Under PHA-nonstimulated con-
ditions, IL-5 production was below the detection limit of
the ELISA (<31.3 pg/ml). We also found that ASP3258,
roflumilast, and prednisolone all inhibited PHA-induced
IL-5 production in a concentration-dependent manner,
with respective ICs, values of 100, 6.5, and 15 nmol/I (fig.
1; table 2), demonstrating that for IL-5, ASP3258 was ap-
proximately 15 and 7 times less potent than roflumilast
and prednisolone, respectively.

OVA-Induced Eosinophil Infiltration in the Airways of

Sensitized BN Rats

To assess the anti-inflammatory effects of ASP3258
and roflumilast, leukocyte infiltration into the airways
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Fig. 2. Effects of ASP3258 and roflumilast on OVA-induced airway eosinophilia in BN rats. BAL =
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described in Materials and Methods. b-i Data are expressed as mean + SE of 9-10 animals. * p < 0.05, * p < 0.01,
significant difference between saline and vehicle (Student’s t test); * p < 0.05, ** p < 0.01, significant difference

from vehicle (Dunnett’s multiple range test).

of OVA-exposed BN rats was investigated. After re-
peated exposure to an antigen, a significant increase in
total leukocyte number in bronchoalveolar lavage fluid
was observed (fig. 2b, f). Cells observed in bronchoal-
veolar lavage fluid included eosinophils, neutrophils,
monocytes, and macrophages. Compared with the sa-
line group, the numbers of eosinophils and neutrophils
in vehicle groups significantly increased in all cases (fig.
2¢,d, g, h). Repeated administration (21 successive days)
of ASP3258 and roflumilast dose-dependently inhibited
the airway eosinophilia with respective EDs, values (and
95% confidence intervals) of 0.092 mg/kg (0.024-0.33)
and 0.17 mg/kg (0.036-2.0) (fig. 2c, g; table 3), demon-
strating that ASP3258 was approximately 2 times more
potent than roflumilast at inhibiting eosinophil infiltra-
tion. Roflumilast (1 mg/kg) also showed almost complete
inhibition of airway neutrophilia (fig. 2h).

Therapeutic Potential of ASP3258

Table 3. Effects of ASP3258 and roflumilast on OVA-induced eo-
sinophil infiltration in the airways

Compound ED;, mg/kg, p.o.
ASP3258 0.092 (0.024-0.33)
Roflumilast 0.17 (0.036-2.0)

Eosinophil infiltration in the saline and vehicle groups was
defined as 100 and 0% inhibition, respectively. EDs, values were
calculated from the inhibition percentage using linear regression.
Values in parentheses represent 95% confidence intervals.

OVA-Induced AHR in Sensitized BN Rats

AHR is a typical and pivotal condition that occurs in
conjunction with bronchial asthma. Repeated exposure
of sensitized BN rats to OVA solution resulted in an in-

Pharmacology 2012;90:223-232 227
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Fig. 4. Effect of ASP3258 on the duration of anesthesia induced
by the combination of xylazine and ketamine in rats. ASP3258 (3
mg/kg) was orally administered to rats once daily for 10 successive
days. Thirty minutes after the final administration, the rats were
anesthetized with a combination of xylazine (10 mg/kg) and ket-
amine (25 mg/kg). The duration of anesthesia was defined as the
interval between loss and recovery of the righting reflex. Data are
expressed as the mean + SE of 9-10 animals.

crease in airway reactivity to acetylcholine and a decrease
in the PC150 value compared to the saline group (fig. 3).
Orally administered ASP3258 (3 mg/kg) almost com-
pletely inhibited the reactivity to acetylcholine and sig-
nificantly increased the PC150 value (fig. 3).

Effect on Duration of Anesthesia
PDE4 inhibitors induce emesis by mimicking the
pharmacological actions of a,-adrenoceptor antagonists

228 Pharmacology 2012;90:223-232

[33, 34]. To assess potential emetic activity in rats lacking
a vomiting reflex, the duration of anesthesia induced by
xylazine (a,-adrenoceptor agonist) was measured after
repeated administration of ASP3258 (once daily for 10
successive days). The duration of anesthesia for the ve-
hicle group was 56.4 + 3.0 min. A dose of 3 mg/kg of
ASP3258, which corresponds to about 30 times the EDs,
value in a chronic eosinophilia model, was found not to
affect the duration (fig. 4).

Fibrinogen Concentration in Blood

PDE4 inhibitors generally induce vascular injury
during preclinical toxicology tests, an observation found
mainly in rats but also in dogs and monkeys [15-18].
Although the mechanisms of the injury are not well
understood and there are no specific biomarkers for
its indications, the injury does correlate with marked
increases in several serum proteins, including acute
phase proteins [16, 35, 36]. Dagues et al. [18] reported
that when the selective PDE4 inhibitor CI-1044 is orally
administered to rats for 3 successive days, the plasma
fibrinogen level significantly increases in a time-depen-
dent manner after 24 h, and vascular fibrinoid necrosis
is observed after 48 h. Here, we investigated and com-
pared AP3258 and roflumilast side effects by repeatedly
(5 successive days) administering the two separately in
rats and measuring plasma fibrinogen levels. Although
ASP3258 (3 and 10 mg/kg) and roflumilast (1, 3, and
10 mg/kg) significantly increased the fibrinogen level, 1
mg/kg ASP3258, which is 10 times the EDj, value, did
not (fig. 5).
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Discussion

ASP3258 is a potent and selective PDE4 inhibitor that
has been found to exert a wide range of anti-inflamma-
,tory and antiasthmatic effects with low emetic potential
in single administration animal studies [19, 24]. Here, we
investigated its pharmacological and side effects when
repeatedly administered to assess ASP3258’s therapeutic
potential on asthma. Given its efficacy in potently inhib-
iting antigen-induced chronic airway eosinophilia with
low emetic- and vascular injury-inducing activity, we
believe ASP3258 has great potential for use in treating
chronic eosinophilic airway inflammation due to asthma.
Although ASP3258 inhibited PDE4 enzymes ap-
proximately 3-6 times more potently than roflumilast
did (table 1), its inhibitory effect on cytokine production
from human whole blood cells was 10 times weaker. This
discrepancy in efficacy may be due in part to ASP3258
extremely high binding rate to human plasma protein
(99.84%; 0.16% as the existing rates of free drug), which is
greater than that of roflumilast (98.9%; 1.1% as the exist-
ing rates of free drug) [37], as, in general, pharmacologi-
cal effects are exerted by free drugs [38], and ASP3258
existing rate of free drug was almost 7 times lower than
that of roflumilast. As ASP3258 also showed a high bind-
ing rate to rat plasma protein (99.50%), we prepared a rat
model of OVA-induced chronic airway inflammation to
investigate the effects of ASP3258.

Therapeutic Potential of ASP3258

Seven OVA exposures to sensitized BN rats at 3-day
intervals mainly brought about airway eosinophilia and
neutrophilia. ASP3258 and roflumilast showed obvi-
ous and more potent suppressive activities on airway
eosinophilia (ASP3258: ED;, = 0.092 mg/kg and roflu-
milast: EDs, = 0.17 mg/kg) in the chronic model (fig.
2) than in the acute model following a single adminis-
tration (ASP3258: ED5, = 0.81 mg/kg and roflumilast:
EDs, = 0.46 mg/kg) [24]. ASP3258 plasma concentra-
tion is clearly not the cause of this potent activity in the
chronic model, since pharmacokinetics profiles for re-
peated administration (1 mg/kg, p.o., 14 successive days)
in rats showed no clear difference from those for single
administration (data not shown). Although the precise
reasons for this discrepancy are unknown, like glucocor-
ticoids, which show their full efficacy against asthma 3
or 4 months after starting administration [39, 40], PDE4
inhibitors may also fully exert their anti-inflammatory
effects only via chronic administration. Airway eosino-
philia is one of the most characteristic pathogeneses of
asthma and correlates with its severity [41]. Interestingly,
the PDE4 inhibitor RO-20-1724 reduced both AHR and
airway eosinophilia and seemed to have no effect on
airway neutrophilia in a mouse model of virus-induced
asthma [42]. In fact, ASP3258 inhibited both AHR (fig.
3) and airway eosinophilia to a greater degree than neu-
trophilia in sensitized BN rats (fig. 2). IgE is also consid-
ered to play a key role in pathogenesis of asthma [43].
In our chronic model, total and OVA-specific plasma
IgE levels increased in the vehicle group compared to the
saline group, although ASP3258 (0.01-1 mg/kg) had no
effect on the levels (data not shown). These results are
consistent with the findings that PDE4B ablation sup-
presses antigen-induced eosinophilia and AHR but not
antigen-specific plasma IgE levels [6]. We therefore sus-
pect that ASP3258 may exert its antiasthmatic effects
mainly through PDE4B inhibition.

Owing to their wide range of anti-inflammatory ef-
fects, PDE4 inhibitors may possess equal efficacy to
glucocorticoids or may at least be a preferred option in
glucocorticoid-resistant patients. However, their clini-
cal efficacy is limited by emesis [44, 45]. Several studies
have reported that inhibiting a,-adrenoceptor agonist-
induced anesthesia is an effective way to estimate this
emetic effect in rodents lacking a vomiting reflex [33,
34]. We previously reported using single oral admin-
istration that ASP3258 (10 mg/kg), but not ASP3258
(3 mg/kg), inhibited a,-adrenoceptor agonist-induced
anesthesia in rats [19]. In the present study, repeat-
edly administered ASP3258 (3 mg/kg for 10 successive
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days), which corresponds to 30 times the ED5, value in a
chronic eosinophilia model, showed no inhibitory effect
on the anesthesia. Further, in vivo observations in cyno-
molgus monkeys revealed that repeated oral administra-
tion of ASP3258 (3, 10, and 30 mg/kg for 7 successive
days) did not induce emesis. These results suggest that
repeated administration of ASP3258 does not strengthen
emetic activity. Studies using knockout mice have re-
vealed that PDE4B ablation suppresses antigen-induced
eosinophilia and asthmatic responses [6] and PDE4D
ablation may be responsible for the occurrence of em-
esis [7]. However, ASP3258 and roflumilast inhibited
PDE4B and PDE4D with similar ICs, values (table 1),
suggesting that the low emetic potential for ASP3258 is
not due to PDE4B selectivity. One alternative idea is that
PDE4 inhibitors induce emesis by acting on the central
nervous system [34]. We previously reported that when
1C-labeled ASP3258 was orally administered to rats at
1 mg/kg, the ratios of ASP3258 concentration in the tis-
sue to that in the plasma were 0.15 (lung), 1.5 (heart),
8.1 (liver), 0.55 (kidney), and 0.028 (brain). Thus the fa-
vorable profile of ASP3258 may be attributable to its low
central nervous system permeability, which seems to be
maintained during the repeated administration period.
PDE4 inhibitors generally induce vascular injury and
other unwanted side effects in experimental animals that
compromise clinical study design [15, 18, 35, 46-49].
Although the mechanism producing vascular injury is
poorly understood, it appears to correlate with increases
in blood acute phase protein levels, such as fibrinogen
(18, 35, 36]. Although ASP3258 (3 and 10 mg/kg) and
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Acknowledgements

We would like to thank Dr. Toshimitsu Yamada and Dr.
Motonori Aoki for their invaluable suggestions and Yohei
Masunaga and Hiroyuki Ishii for their technical and scientific
assistance.

1 Barnes PJ: Cytokine-directed therapies for
the treatment of chronic airway diseases. Cy-
tokine Growth Factor Rev 2003;14:511-522.
Donohue JF: Therapeutic responses in
asthma and COPD. Bronchodilators. Chest
2004;126:1255-137S, discussion 1595-161S.
Global strategy for asthma management
and prevention (GINA). http://www.gin-
asthma.org/guidelines-gina-report-global-
strategy-for-asthma.html (updated 2009).
Barnes PJ, Adcock IM: Glucocorticoid resis-
tance in inflammatory diseases. Lancet 2009;
373:1905-1917.

Page CP, Spina D: Selective PDE inhibitors
as novel treatments for respiratory diseases.
Curr Opin Pharmacol 2012;12:275-286.

6 Jin SL, Goya S, Nakae S, Wang D, Bruss M, 9 Souness JE, Aldous D, Sargent C: Immuno-

Hou C, Umetsu D, Conti M: Phosphodies-
terase 4B is essential for T(H)2-cell function
and development of airway hyperrespon-
siveness in allergic asthma. J Allergy Clin
Immunol 2010;126:1252-1259.e1212.

7 Robichaud A, Stamatiou PB, Jin SL, Lachance
N, MacDonald D, Laliberte F, Liu S, Huang
Z, Conti M, Chan CC: Deletion of phospho-
diesterase 4D in mice shortens alpha(2)-
adrenoceptor-mediated anesthesia, a
behavioral correlate of emesis. ] Clin Invest
2002;110:1045-1052.

8 Teixeira MM, Gristwood RW, Cooper N,
Hellewell PG: Phosphodiesterase (PDE)4 in-
hibitors: anti-inflammatory drugs of the fu-
ture? Trends Pharmacol Sci 1997;18:164-171.

230

Pharmacology 2012;90:223-232

10

11

12

suppressive and anti-inflammatory effects of
cyclic AMP phosphodiesterase (PDE) type 4
inhibitors. Immunopharmacology 2000;47:
127-162.

Spina D: Phosphodiesterase-4 inhibitors in
the treatment of inflammatory lung disease.
Drugs 2003;63:2575-2594.

Souness JE, Rao S: Proposal for pharmaco-
logically distinct conformers of PDE4 cyclic
AMP phosphodiesterases. Cell Signal 1997:9:
227-236.

Heaslip R], Evans DY: Emetic, central ner-
vous system, and pulmonary activities of ro-
lipram in the dog. Eur ] Pharmacol 1995;286:
281-290.

Kobayashi/Kubo/Shiraki/Iwata/Hirano/

Ohtsu/Takahashi/Shimizu



13

14

16

17

20

21

22

23

Torphy TJ, Barnette MS, Underwood DC,
Griswold DE, Christensen SB, Murdoch
RD, Nieman RB, Compton CH: Ariflo (SB
207499), a second generation phosphodies-
terase 4 inhibitor for the treatment of asth-
ma and COPD: from concept to clinic. Pulm
Pharmacol Ther 1999;12:131-135.
Giembycz MA: Phosphodiesterase-4: selec-
tive and dual-specificity inhibitors for the
therapy of chronic obstructive pulmonary
disease. Proc Am Thorac Soc 2005;2:326—
333, discussion 340-341.

Mecklenburg L, Heuser A, Juengling T,
Kohler M, Foell R, Ockert D, Tuch K, Bode
G: Mesenteritis precedes vasculitis in the rat
mesentery after subacute administration of
aphosphodiesterase type 4 inhibitor. Toxicol
Lett 2006;163:54-64.

Hanton G, Sobry C, Dagues N, Provost JP,
Le Net JL, Comby P, Chevalier S: Charac-
terisation of the vascular and inflamma-
tory lesions induced by the PDE4 inhibitor
CI-1044 in the dog. Toxicol Lett 2008;179:
15-22.

Losco PE, Evans EW, Barat SA, Blackshear
PE, Reyderman L, Fine JS, Bober LA, Anthes
JC, Mirro EJ, Cuss FM: The toxicity of SCH
351591, a novel phosphodiesterase-4 inhibi-
tor, in cynomolgus monkeys. Toxicol Pathol
2004;32:295-308.

Dagues N, Pawlowski V, Guigon G, Ledieu
D, Sobry C, Hanton G, Freslon JL, Cheva-
lier S: Altered gene expression in rat mesen-
teric tissue following in vivo exposure to a
phosphodiesterase 4 inhibitor. Toxicol Appl
Pharmacol 2007;218:52-63.

Kobayashi M, Kubo S, Iwata M, Ohtsu Y,
Takahashi K, Shimizu Y: Asp3258, an orally
active potent phosphodiesterase 4 inhibitor
with low emetic activity. Int Immunophar-
macol 2011;11:732-739.

Hatzelmann A, Schudt C: Anti-inflammato-
ry and immunomodulatory potential of the
novel PDE4 inhibitor roflumilast in vitro. J
Pharmacol Exp Ther 2001;297:267-279.
Underwood DC, Bochnowicz S, Osborn
RR, Kotzer CJ, Luttmann MA, Hay DW, Go-
rycki PD, Christensen SB, Torphy TJ: Anti-
asthmatic activity of the second-generation
phosphodiesterase 4 (PDE4) inhibitor SB
207499 (Ariflo) in the guinea pig. ] Pharma-
col Exp Ther 1998;287:988-995.

Kubo S, Kobayashi M, Iwata M, Miyata K,
Takahashi K, Shimizu Y: Anti-neutrophilic
inflammatory activity of ASP3258, a novel
phosphodiesterase type 4 inhibitor. Int Im-
munopharmacol 2012;12:59-63.

Kubo S, Kobayashi M, Iwata M, Takahashi
K, Miyata K, Shimizu Y: Disease-modifying
effect of ASP3258, a novel phosphodiester-
ase type 4 inhibitor, on subchronic ciga-
rette smoke exposure-induced lung injury
in guinea pigs. Eur ] Pharmacol 2011;659:
79-84.

Therapeutic Potential of ASP3258

24

25

26

27

28

29

30

31

32

33

Kobayashi M, Kubo S, Hirano Y, Kobayashi
S, Takahashi K, Shimizu Y: Anti-asthmatic
effect of asp3258, a novel phosphodiesterase
4 inhibitor. Int Immunopharmacol 2012;12:
50-58.

Aoki M, Fukunaga M, Sugimoto T, Hirano
Y, Kobayashi M, Honda K, Yamada T: Stud-
ies on mechanisms of low emetogenicity of
YM976, a novel phosphodiesterase type 4
inhibitor. ] Pharmacol Exp Ther 2001;298:
1142-1149.

Ohga K, Kuromitsu S, Takezawa R, Numaza-
ki M, Ishikawa J, Nagashima S, Shimizu Y:
YM-341619 suppresses the differentiation
of spleen T cells into Th2 cells in vitro,
eosinophilia, and airway hyperresponsive-
ness in rat allergic models. Eur ] Pharmacol
2008;590:409-416.

Ohga K, Takezawa R, Arakida Y, Shimizu Y,
Ishikawa J: Characterization of YM-58483/
BTP2, a novel store-operated Ca®* entry
blocker, on T cell-mediated immune re-
sponsesinvivo. IntImmunopharmacol 2008;
8:1787-1792.

Hatzelmann A, Morcillo EJ, Lungarella
G, Adnot S, Sanjar S, Beume R, Schudt C,
Tenor H: The preclinical pharmacology of
roflumilast - a selective, oral phosphodies-
terase 4 inhibitor in development for chron-
ic “obstructive pulmonary disease. Pulm
Pharmacol Ther 2010;23:235-256.

Claveau D, Chen SL, O’Keefe S, Zaller
DM, Styhler A, Liu S, Huang Z, Nichol-
son DW, Mancini JA: Preferential inhi-
bition of T helper 1, but not T helper 2,
cytokines in vitro by L-826,141 [4-[2-(3,
4-bisdifluromethoxyphenyl)-2-[4-(1,1,
1,3,3,3-hexafluoro-2-hydroxy propan-2-yl)-
phenyl]-ethyl]3-methylpyridine-1-oxide],
a potent and selective phosphodiesterase 4
inhibitor. ] Pharmacol Exp Ther 2004;310:
752-760.

Draheim R, Egerland U, Rundfeldt C: An-
ti-inflammatory potential of the selective
phosphodiesterase 4 inhibitor N-(3,5-di-
chloro-pyrid-4-yl)-[1-(4-fluorobenzyl)-
5-hydroxy-indole-3-yl]-gly oxylic acid amide
(AWD 12-281), in human cell preparations. ]
Pharmacol Exp Ther 2004;308:555-563.
Greenfeder S, Umland SP, Cuss FM, Chap-
man RW, Egan RW: Th2 cytokines and
asthma. The role of interleukin-5 in aller-
gic eosinophilic disease. Respir Res 2001;2:
71-79.

Haldar P, Brightling CE, Hargadon B, Gupta
S, Monteiro W, Sousa A, Marshall RP, Brad-
ding P, Green RH, Wardlaw AJ, Pavord ID:
Mepolizumab and exacerbations of refracto-
ry eosinophilic asthma. N Engl ] Med 2009;
360:973-984.

Robichaud A, Savoie C, Stamatiou PB, La-
chance N, Jolicoeur P, Rasori R, Chan CC: As-
sessing the emetic potential of pde4 inhibitors
in rats. Br ] Pharmacol 2002;135:113-118.

34

35

36

37

38

39

40

41

42

43

44

45

46

Robichaud A, Savoie C, Stamatiou PB, Tat-
tersall FD, Chan CC: PDE4 inhibitors induce
emesis in ferrets via a noradrenergic path-
way. Neuropharmacology 2001;40:262-269.
Dietsch GN, Dipalma CR, Eyre R], Pham TQ,
Poole KM, Pefaur NB, Welch WD, Trueblood
E, Kerns WD, Kanaly ST: Characterization of
the inflammatory response to a highly selec-
tive PDE4 inhibitor in the rat and the iden-
tification of biomarkers that correlate with
toxicity. Toxicol Pathol 2006;34:39-51.
Dagues N, Pawlowski V, Sobry C, Hanton
G, Borde E Soler S, Freslon JL, Chevalier S:
Investigation of the molecular mechanisms
preceding PDE4 inhibitor-induced vascu-
lopathyin rats: tissue inhibitor of metallopro-
teinase 1, a potential predictive biomarker.
Toxicol Sci 2007;100:238-247.

Bethke TD, Bohmer GM, Hermann R, Hauns
B, Fux R, Morike K, David M, Knoerzer D,
Wurst W, Gleiter CH: Dose-proportional
intraindividual single- and repeated-dose
pharmacokinetics of roflumilast, an oral,
once-daily phosphodiesterase 4 inhibitor. J
Clin Pharmacol 2007;47:26-36.

Sellers EM, Koch-Wester J: Albumin Struc-
ture, Function,and Uses.New York, Pergamon
Press, 1997, pp 159-182.

Reddel HK, Jenkins CR, Marks GB, Ware SI,
Xuan W, Salome CM, Badcock CA, Wool-
cock AJ: Optimal asthma control, starting
with high doses of inhaled budesonide. Eur
Respir ] 2000;16:226-235.

Bateman ED, Clark TJ, Frith L, Bousquet J,
Busse WW, Pedersen SE: Rate of response of
individual asthma control measures varies
and may overestimate asthma control: an
analysis of the goal study. ] Asthma 2007;44:
667-673.

Bousquet J, Chanez P, Lacoste JY, Barneon G,
Ghavanian N, Enander I, Venge P, Ahlstedt
S, Simony-Lafontaine J, Godard P, et al: Eo-
sinophilic inflammation in asthma. N Engl J
Med 1990;323:1033-1039.

Tkemura T, Schwarze J, Makela M, Kanehiro
A, Joetham A, Ohmori K, Gelfand EW: Type
4 phosphodiesterase inhibitors attenuate re-
spiratory syncytial virus-induced airway hy-
per-responsiveness and lung eosinophilia. |
Pharmacol Exp Ther 2000;294:701-706.
Holgate ST, Djukanovic R, Casale T, Bous-
quet J: Anti-immunoglobulin E treatment
with omalizumab in allergic diseases: an
update on anti-inflammatory activity and
clinical efficacy. Clin Exp Allergy 2005;35:
408-416.

Giembycz MA: Life aftér PDE4: overcoming
adverse events with dual-specificity phos-
phodiesterase inhibitors.’ Curr Opin Phar-
macol 2005;5:238-244.

Spina D: PDE4 inhibitors: current status. Br
] Pharmacol 2008;155:308-315.

Larson]JL, Pino MV, Geiger LE, Simeone CR:
The toxicity of repeated exposures to rolip-
ram,atypelV phosphodiesteraseinhibitor,in
rats. Pharmacol Toxicol 1996;78:44-49.

Pharmacology 2012;90:223-232

231



47 Robertson DG, Reily MD, Albassam M, 48 Slim RM, Robertson DG, Albassam M, Reily 49 Slim RM, Song Y, Albassam M, Dethloff LA:

Dethloff LA: Metabonomic assessment of MD, Robosky L, Dethloff LA: Effect of dexa- Apoptosis and nitrative stress associated with

vasculitis in rats. Cardiovasc Toxicol 2001;1: methasone on the metabonomics profile phosphodiesterase inhibitor-induced mes-

7-19. associated with phosphodiesterase inhibi- enteric vasculitis in rats. Toxicol Pathol 2003;
tor-induced vascular lesions in rats. Toxicol 31:638-645.

Appl Pharmacol 2002;183:108-109.

232 Pharmacology 2012;90:223-232 Kobayashi/Kubo/Shiraki/Iwata/Hirano/
Ohtsu/Takahashi/Shimizu



