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ABSTRACT: Depression involving neuroinflammation is one of the
most common disabling and life-threatening psychiatric disorders.
Phosphodiesterase 4 (PDE4) inhibitors produce potent antidepres-
sant-like and cognition-enhancing effects. However, their clinical
utility is limited by their major side effect of emesis. To obtain more
selective PDE4 inhibitors with antidepressant and anti-neuro-
inflammation potential and less emesis, we designed and synthesized
a series of N-alkyl catecholamides by modifying the 4-methoxybenzyl
group of our hit compound, FCPE07, with an alkyl side chain.
Among these compounds, 10 compounds displayed submicromolar
IC50 values in the mid- to low-nanomolar range. Moreover, 4-
difluoromethoxybenzamides 10g and 10j, bearing isopropyl groups,
exhibited the highest PDE4 inhibitory activities, with IC50 values in
the low-nanomolar range and with higher selectivities for PDE4
(approximately 5000-fold and 2100-fold over other PDEs, respectively). Furthermore, compound 10j displayed anti-
neuroinflammation potential, promising antidepressant-like effects, and a zero incidence rate of emesis at 0.8 mg/kg within 180
min.

KEYWORDS: N-Alkyl catecholamide, selective phosphodiesterase-4 inhibitors, anti-neuroinflammation, antidepressant-like effects,
less side-effect, structure−activity relationships

Depression accompanied by cognitive dysfunction is one of
the most common psychiatric disorders, affecting up to

21% of the population worldwide.1,2 Furthermore, major
depressive disorder is a severe, chronic, and life-threatening
illness with a lifetime prevalence of more than 10%.3 Mounting
evidence indicates that inflammatory and neurodegenerative
processes play an important role in depression and that
enhanced neurodegeneration in depression may be at least
partly attributed to inflammation.1,4,5 Inhibition of tumor
necrosis factor-α (TNF-α),6 cyclooxygenase-2 (COX-2),7 and
inducible nitric oxide synthase (iNOS)5 alleviates depressive
symptoms. Therefore, antidepressant agents with anti-neuro-
inflammatory effects are proposed to be more effective.
Phosphodiesterase 4 (PDE4), which specifically catalyzes the

hydrolysis of cAMP, is highly expressed in brain regions
regulating memory, anxiety, and depression.8,9 It is composed
of four genes (PDE4A to PDE4D), each with multiple
transcripts that produce three protein isoforms, termed long,
short, and super short.10 Altered cAMP signal transduction is a
promising mechanism underlying reduced synaptic plasticity
and neuronal survival in the pathophysiology of depression.11

This hypothesis provides a framework in which co-therapy for
depression is mediated via cAMP signaling. Also, increasing
evidence suggest that cAMP signaling plays a pivotal role in
long-term memory-enhancing effects12,13 and anti-inflammatory
activities.14 Additionally, genetic knockdown of PDE4B15,16 or
PDE4D17,18 enzyme in rats produces an antidepressant
phenotype. Furthermore, the inhibition of PDE4B leads to
reduction of neuroinflammation by dampening microglia
cytokine production,19 while the inhibition of PDE4D has
potent cognitive benefits by augmenting signaling through the
cAMP/protein kinase A/cAMP response element-binding
protein (CREB) pathway for memory consolidation.20 Thus,
PDE4 represents a potential therapeutic target for depression.21

The development of PDE4 inhibitors has primarily focused
on novel anti-inflammatory therapies for asthma, chronic
obstructive pulmonary disease, and atopic dermatitis for several
decades. However, although a large number of PDE4 inhibitors
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have been clinically evaluated, only roflumilast (1)22 and
apremilast (2)23 (Figure 1) are currently approved. In addition,
a small number of PDE4 inhibitors are used in clinical testing to
target neurological diseases. For example, the first-generation
PDE4 inhibitor rolipram (3) exhibits antidepressant activity18,24

and memory enhancement25−27 by elevating the concentration
of intracellular cAMP. However, its side effects resulted in
commercial failure of the product. Nevertheless, many PDE4D
inhibitors with antidepressant activities, memory-enhancing
effects, and less side effects have been identified (Figure 2),

such as DF159687,28 GEBR-7R,29 and ZX-I07 (chlorbipram).30

Our recent study of selective PDE4 inhibitors led to the
discovery of FCPE07 (7),31 which contains a short amide linker
(−CONHCH2−) and a 4-methoxybenzyl group; this com-
pound is a potent and selective PDE4D inhibitor (IC50 = 94
nM) that exhibited a 10-fold selectivity over the PDE4B
subtype and a selectivity of over 1000-fold against other PDE
family members (PDE1−3 and PDE5−11). Compound

FCPR16 (8)32 bearing a 2-chlorophenyl group was identified
as selective PDE4 inhibitor (about 1111-fold over other PDEs)
with IC50 values in the low-nanomolar range and inhibited LPS-
induced TNF-α production in microglia.
Furthermore, catechol bearing alkyl side chains also displayed

good selectivity for PDE4. For example, compound 9, with an
alkyl side chain, is a selective PDE4 inhibitor with IC50 values in
the low-nanomolar range.33 In this paper, to obtain highly
selective PDE4 inhibitors with antidepressant and anti-neuro-
inflammatory activities and less emesis, we synthesized small
molecules by modifying the 4-methoxybenzyl group in the side
chain of FCPE07 with alkyl side chains (Figure 2). The
pharmacological profile, pharmacokinetics analysis, structure−
activity relationships (SARs), and molecular modeling of these
compounds are also described.

■ RESULTS AND DISCUSSION
Chemistry. N-Alkyl catecholamides (10a−p) were prepared

from 4-alkoxy-3-alkoxybenzoic acids (11a−d) using our prior
synthetic methodology,31 as shown in Scheme 1. Acids (11a−
d) were converted by thionyl chloride to corresponding
substituted benzoyl chlorides (12a−d), which were subse-
quently reacted with the corresponding amines to prepare
benzamides 10a−p in good yields.

Enzymatic Assays. The catalytic domains of all PDE4
subtypes (PDE4A−D) exhibited a high degree of sequence

Figure 1. PDE4 inhibitors.

Figure 2. Structures of N-alkyl catecholamides (10a−p).

Scheme 1. Synthetic Route for Compounds 10a−p
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conservation, with a single active-site amino acid determining
the nucleotide selectivity.34,35 Therefore, all the synthesized
compounds were initially tested in duplicate on PDE4CAT
(the core catalytic domains of human PDE4) according to
reported protocols,36 using rolipram as a positive control. All
the compounds were tested on PDE4CAT at nine different
concentrations (10−8 to 10−4 M). The IC50 values were
determined by nonlinear regression analysis of their inhibition
curves (see Table 1). Compared with rolipram and FCPE07,
most N-alkyl catecholamides (10a−p) showed excellent
inhibitory activities against PDE4CAT, having IC50 values in
the mid- to low-nanomolar range. N-Alkyl catecholamides
(10a−p) bearing isopropyl and n-propyl groups displayed
higher inhibitory activities then FCPE07 and rolipram.
To obtain more information about their subtype selectivities,

the most active compounds (10g−i and 10j−l) were further
tested in full length human PDE4A4, PDE4B1, PDE4C1, and
PDE4D7, which were purchased form BPS Bioscience Inc. As
shown in Table 2, the results suggest that all the screened
compounds displayed higher PDE4D7 inhibitory activities than
PDE4A4. Compounds 10g and 10j, which bear an isopropyl

group, showed excellent PDE4B1 and PDE4D7 inhibitory
activities, higher than those of rolipram and FCPE07.
PDEs exist as 11 different isozymes involved in various

physiological processes. Therefore, selective inhibition of PDE4
is very important. We determined the selectivity of compounds
10g and 10j toward the other PDE isoforms using human
PDE1A1, PDE1A, PDE2A, PDE3B, PDE5A, PDE6C, PDE7A,
PDE8A1, PDE9A2, PDE10A2, and PDE11A, which were
purchased form BPS Bioscience Inc. (Table 3). As shown in
Table 3, compounds 10g and 10j displayed high PDE4
selectivity, at least 5000- and 2100-fold over other PDEs,
respectively.

Structure−Activity Relationships (SAR) and Docking
Study. Careful analysis of the SAR of N-alkyl catecholamides
(10a−p) reveals that the substituents on the catecholic group
and N-alkyl groups have profound effects on the inhibitory
activities of the compounds. First, N-alkylbenzamides bearing a
difluoromethoxy group (10g−l) always exhibit higher inhib-

Table 1. Inhibition of PDE4CAT by Target Compounds 10a−p

compd R R1 R2 R3 IC50 (nM)a

10a cyclopentyl Me H i-Pr 170
10b cyclopentyl Me H n-Pr 380
10c cyclopentyl Me H n-Bu 1000
10d cyclopropylmethyl Me H i-Pr 360
10e cyclopropylmethyl Me H n-Pr 740
10f cyclopropylmethyl Me H n-Bu 1500
10g cyclopentyl CHF2 H i-Pr 20
10h cyclopentyl CHF2 H n-Pr 80
10i cyclopentyl CHF2 H n-Bu 300
10j cyclopropylmethyl CHF2 H i-Pr 60
10k cyclopropylmethyl CHF2 H n-Pr 70
10l cyclopropylmethyl CHF2 H n-Bu 290
10m cyclopentyl CHF2 H n-octyl 34000
10n cyclopropylmethyl CHF2 H n-octyl 26000
10o cyclopentyl CHF2 Et Et 2000
10p cyclopropylmethyl CHF2 Et Et 3900
FCPE07b cyclopropylmethyl CHF2 H 4-methoxybenzyl 1100
rolipram 550

aData reported represent the mean of two experiments. bData for compound FCPE07 were extracted from ref 31.

Table 2. Inhibition (IC50, nM)a of Four PDE4 Subtypes

compd PDE4A4 PDE4B1 PDE4C1 PDE4D7

10g 32 10 79 21
10h 110 b b 87
10i 397 b b 190
10j 113 31 164 47
10k 160 b b 122
10l 569 b b 352
FCPE07c b 976 b 94
rolipram 386 86 118 160

aData represent the mean of two experiments. bNot tested. cData for
compound FCPE07 were extracted from ref 31.

Table 3. Inhibition of PDEs (PDE1−3 and PDE5−11)

10g 10j

PDEsa at 10 μMb IC50
c (μM) at 10 μMb IC50

c (μM)

PDE1A 3 >100 5 >100
PDE2A 12 >100 13 >100
PDE3B 6 >100 6 >100
PDE5A 23 >100 22 >100
PDE6C 11 >100 17 >100
PDE7A 3 >100 5 >100
PDE8A1 19 >100 15 >100
PDE9A2 5 >100 8 >100
PDE10A2 4 >100 8 >100
PDE11A 12 >100 14 >100

aAll PDEs are full enzyme with N-terminal GST-tag. bInhibition (%)
of selected compounds at 10 μM. Data represent the mean of two
experiments. cData represent the mean of two experiments.
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itory activities than their corresponding analogues bearing a
methoxy group (10a−f). Second, the inhibitory activities of
compounds 10a−p against PDE4CAT, PDE4A, and PDE4D
were consistently improved by shortening the chain length.
Among these compounds, 4-difluoromethoxybenzamides bear-
ing a long alkyl chain (e.g., 10m and 10n) displayed
substantially weaker inhibitory activities. However, 4-difluor-
omethoxybenzamides bearing propyl groups (such as n-Pr and
i-Pr) exhibited the highest PDE4 inhibitory activities, with IC50
values in the low-nanomolar range. Third, the configuration of
the alkyl groups on the catechol-based amides affects their
inhibitory activities. For example, all benzamides bearing an
isopropyl group (such as 10a, 10d, 10g, and 10j) showed
higher inhibitory activities than their corresponding analogues
with an n-propyl group (such as 10b, 10e, 10h, and 10k).
Finally, N,N-dialkyl catecholamides displayed very weak
inhibitory activities (e.g., 10o and 10p). The SAR results for
the N-alkyl catecholamides (10a−p) reveal that the activities
decrease in the following order: isopropyl > n-propyl > n-butyl
> diethyl > n-octyl.
To gain insight into the SARs and the observed selectivity,

we studied the binding of the synthetic inhibitors in PDE4D
(PDB code 3G4K28). The catechol motif in catecholic PDE4
inhibitors is known to accept a double hydrogen bond from the
carboxamide group of a glutamine residue at the back of the
PDE4 catalytic site.34,37,38 As shown in Figure 3, docking of

compounds 10g and 10j into PDE4D showed very similar
binding configurations and reasonably good overlap with the
native ligand. In the active site of PDE4D, the catechol moieties
in 10g and 10j were predicted to occupy the pocket of the
catechol moiety in rolipram, with subtle variations, and interact
with the binding site by hydrogen bonding with the NH2 group
of the Gln535 residue and by π-stacking with Phe538.
Meanwhile, the 4-difluoromethyl group is in position to form
a hydrogen bond with Asn487. Thus, the improvement in
activity of the N-alkylbenzamides (10g−l) bearing a difluor-
omethoxy group could be attributed to the extra H-bond of the
4-difluoromethyl group with the Asn487 residue. In addition,
the linker region (CONHCH2) developed an additional
hydrogen bond with a conserved water molecule, which
extends to Tyr325. Similar water bridges were also observed
in other docking studies of selective PDE4 inhibitors.31,39,40 For

example, FCPE07 forms two water bridges in contact with the
Ser374 and Ser521 residues.31

Anti-neuroinflammatory Activity in Microglial Cells.
Previous research41−43 suggests that inhibition of the
inflammatory cytokine tumor necrosis factor (TNF) in
depressed patients with increased inflammation can be
associated with decreased depressive symptoms. Also, the
pro-inflammatory toll receptor TNF-α pathway in monocytes,
macrophages, and microglial cells (BV-2) is regulated by
PDE4.4,44 Here lipopolysaccharide (LPS) was used to induce
an inflammatory effect in microglia BV-2 cells. To determine
the effect of 10j on BV-2 activation, Western blot analysis was
performed to assess the protein levels of TNF-α, iNOS, and
COX-2 in response to LPS.
First, microglial cells were treated with different concen-

trations of 10j (5, 20, and 80 μM, dimethyl sulfoxide (DMSO)
final concentration = 0.1%) for 1 h and then incubated with
LPS (1 μg/mL) for 24 h. Prior to studying the impact of 10j on
LPS-induced neuroinflammation, we examined the potential
toxic effects of 10j on BV-2 microglial cells. Our data showed
that individual treatments with 10j and LPS did not produce
any signs of toxicity at the selected concentrations. We also
found that 10j alone at a dose of 80 μM had no toxic effects on
BV-2 microglial cells (Figure 4).

We then investigated the effect of compound 10j on the
expression of pro-inflammatory factors in BV-2 cells. As shown
in Figure 5, compound 10j alone had no effect on the
production of TNF-α, iNOS, and COX-2 in microglia at a
concentration of 80 μM. Stimulation of microglia with LPS
alone led to significant increases in TNF-α, iNOS, and COX-2
levels 24 h after treatment. Interestingly, compound 10j was
able to suppress LPS-induced TNF-α, iNOS, and COX-2
production in a concentration-dependent manner (Figure
5B,C,D). Compound 10j inhibited LPS-induced TNF-α,
iNOS, and COX-2 production in microglia (p < 0.01) at a
concentration of 80 μM. Furthermore, microglia cells treated
with 10j at a concentration of 5 μM also inhibited LPS-induced
TNF-α production (Figure 5B,C,D). These data demonstrate
that PDE4 inhibitor compound 10j can effectively inhibit LPS-

Figure 3. Potential binding configuration of 10g and 10j in the active
site of PDE4D. The C atoms in 10g and 10j are colored in magenta
and yellow, respectively; the total docking scores of 10g and 10j are
9.3383 and 9.1722, respectively. The native ligand, rolipram (total
docking score = 9.018), is shown in the thin wire model, and C atoms
are colored in cyan. The H-bonds between each ligand and the active-
site amino acids are shown in yellow.

Figure 4. Cell viability of BV-2 cells treated with 10j. Cells were
incubated with indicated concentrations of 10j for 1 h before
incubation with LPS (1 μg/mL) for 24 h. Cell viability was evaluated
using the MTT assay. Results are shown as percentages of the control
sample, which was set as 100%. Values are means ± standard error of
mean (SEM) from three independent experiments.
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induced TNF-α secretion, iNOS generation, and COX-2
expression.
Antidepressant Behavioral Evaluation in Vivo. Based

on the fact that neuroinflammation is involved in the pathology
of depression and based on our in vitro data presented above,
compound 10j was selected for further in vivo experiments to
evaluate its antidepressant effects. The pharmacological action
of selective PDE4 inhibitor 10j was evaluated using the tail
suspension test (TST) and forced swimming test (FST), which
were performed for 6 min as previously described;30,45 rolipram
was used as a positive control. In two mouse models,
compound 10j was administered by intraperitoneal injection
at 0.2, 0.4, and 0.8 mg/kg. Antidepressant behavior was
indicated by a decrease in the immobility time of the animals.
The results are shown in Figure 6.
To determine whether compound 10j indeed exhibited

antidepressant-like effects, we investigated the central stim-
ulation. We measured the spontaneous locomotor activity of
mice after drug administration with the open field test over a 5
min testing period. As shown in Figure 6A,B, statistical analysis
by one-way ANOVA showed that compound 10j and rolipram
did not produce any significant differences in rearing and
movement numbers (crossings) when compared with the
saline-treated group. Next, acute effects of 10j on the
immobility time of C57BL/6 mice in the TST and FST during
the total 6 min observation period were analyzed. In the TST
and FST, immobility is defined as the absence of all except
respiratory movement of the mouse. As shown in Figure 6C,D,
our results indicated that pretreatment with 10j decreased the
duration of immobility at all testing doses in the TST and FST,
with significant decreases in immobility time observed at the
doses of 0.4 mg/kg (p < 0.05) and 0.8 mg/kg (p < 0.01)
compared with the vehicle treatment group.

Emetic Potential of Compound 10j. It is well-known that
many PDE4 inhibitors have not been brought to market
because of issues related to tolerability, such as emesis.
Therefore, in order to investigate its emetic properties, we
profiled our compound 10j, which displayed anti-neuro-
inflammation potential and promising antidepressant-like
effects, in the ketamine/xylazine test, which has been proposed
as a behavioral correlate of emesis in mice.28,46,47 As shown in
Figure 7, rolipram reduces the duration of xylazine/ketamine-
induced anesthesia in the ketamine/xylazine test at an
antidepressant-like dose. However, compound 10j does not
reduce the duration of ketamine/xylazine-induced anesthesia
up to 1.5 mg/kg, which is a higher dose than that which results
in maximal antidepressant effects in mice.
To further investigate the topic of emesis, we profiled

compound 10j for its emetic activity in beagle dogs (Table 4),
which have been used for preclinical testing of novel antinausea
compounds and for assessing the emetic liability of novel
medicines within the pharmaceutical industry.28,30,48 Beagle
dogs were dosed with compound 10j and rolipram by oral
administration. Emetic activity was expressed as the incidence
rate, that is, the number of animals showing emesis per number
of animals (n = 3 or 4) tested at the respective dose within 180
min. As shown in Table 4, the incidence rate of emesis of
rolipram is 100% at 0.8 mg/kg, and the latency of emesis is
much shorter (35 ± 1.5 min). However, the incidence rate of
emesis of compound 10j is zero at 0.8 mg/kg within 180 min.

Pharmacokinetics Analysis of Compound 10j. In
addition, intravenous pharmacokinetics and oral bioavailability
of compound 10j were evaluated in mice. As shown in Table 5,
compound 10j showed a high clearance and a relatively high
volume of distribution in mice after intravenous (iv) treatment
at 1 mg/kg. The average time spent between infusion and

Figure 5. Compound 10j inhibited LPS-induced production of pro-inflammatory cytokines in microglial cells. Quantitative analysis of TNF-α (B),
iNOS (C), and COX-2 (D) in microglia treated with compound 10j and LPS. Data are represented as mean ± SEM from three independent
experiments; *p < 0.05, **p < 0.01 versus LPS alone group.
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elimination (mean residence time, MRT) was about 34 min,
whereas the elimination half-time (T1/2) was 68 min.
After oral (po) administration at 5 mg/kg, the profile of

compound 10j showed a rapid absorption (Tmax = 11.5 min,
time to reach Cmax) and long MRT = 326 min, but low oral
bioavailability of 1.23%, whereas the elimination half-time

(T1/2) was about 211 min (Table 5, bottom panel). We noticed
that compound 10j displayed low bioavailability;, however, the
anti-neuroinflammatory potential and antidepressant-like effect
of compound 10j have been verified in our studies, which
provides the possibility that the pharmacological effects of 10j
will be enhanced under conditions of improved bioavailability.
Hence, further studies are required for the pharmaceutical form
of compound 10j to improve the bioavailability.

■ CONCLUSIONS
The structural modification of our hit compound FCPE07
yielded novel catecholamides bearing N-alkyl side chains, which
selectively inhibited PDE4 enzymes with increased potency.
Reports suggest that PDE4B is the main PDE4 isoform
mediating TNF-α release,49 while the PDE4D isoform is
associated with depression and memory.17,20,50 Compounds
10g and 10j effectively inhibited the activity of PDE4B1 and
PDE4D7 enzymes at low-nanomolar IC50 values, with

Figure 6. Antidepressant behavioral evaluation of compound 10j in vivo at graded doses (dose range 0.2 to 0.8 mg/kg) using DMSO (5%) in saline
(0.9%) and rolipram (0.5 mg/kg) as the vehicle and positive control, respectively. (A) Ambulation times and (B) rearing times represent the acute
effects of locomotor activity in C57BL/6 mice during the 5 min testing period in the open field test. (C) TST and (D) FST show the acute effects of
10j on immobility time during the total 6 min testing period in C57BL/6 mice. Results are represented as mean ± SEM (n = 6−9); *p < 0.05 and
**p < 0.01 versus vehicle-treated group.

Figure 7. Effects of compound 10j and rolipram on the duration of
anesthesia (min) induced by the combination of xylazine (10 mg/kg)
and ketamine (70 mg/kg) in C57BL/6 mice. Each column represents
mean ± SEM (n = 6−8); **p < 0.01 versus vehicle-treated group; #p <
0.05 versus compound 10j (0.5 mg/kg).

Table 4. Effects of Compound 10j on Emesis in Beagle Dogs

compd
dose

(mg/kg)
incidence rate of emesis

(%)
latency of emesisa

(min)

10j 0.8 0 (0/4) >180
rolipram 0.8 100 (3/3) 35 ± 1.5
vehicle 0 (0/4) >180

aValues are expressed as mean ± SD.
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selectivities of at least 5000- and 2100-fold over other PDEs,
respectively. In addition, compound 10j inhibited LPS-induced
TNF-α, iNOS, and COX-2 production in microglia. Further,
compound 10j significantly decreased immobility duration
when administered orally at doses of 0.4 and 0.8 mg/kg in two
tests (TST and FST). More interestingly, compound 10j did
not cause emesis during the 180 min observation period at 0.8
mg/kg.
In pharmacokinetics studies, compound 10j showed a long

half-life and a rapid clearance and therefore a large volume of
distribution, but a low oral bioavailability in mice. Pharmaco-
kinetic properties still need to be improved; however,
considering its attractive anti-neuroinflammatory potential and
antidepressant-like effects, compound 10j represents an
important lead compound for further refinements and proof-
of-concept studies.

■ METHODS
Chemistry. ESI spectra were measured on a Waters UPLC/

Quattro Premier XE mass spectrometer. 1H and 13C NMR spectra
were recorded in CDCl3 or d6-DMSO using a Varian Mercury 400
spectrometer and TMS as an internal reference. Elemental analyses
were carried out on a Vario ELIII CHNSO elemental analyzer.
Rolipram was purchased from Sigma (St. Louis, MO, USA). All the
other chemicals were of analytical grade and used without further
purification.
General Protocol for Preparation of Compounds 11a−d.31 We

used the procedure already reported for 4-methoxy-3-alkoxybenzoic
acids (11a,b) and 4-difluoromethoxy-3-hydroxybenzaldehyde (11c,d).
General Protocol for Preparation of Compounds 10a−p. Excess

thionyl chloride (5 mL) was added to the intermediate alkoxybenzoic
acid (0.5 mmol). The reaction mixture was then stirred at 60−80 °C
for 3 h. The excess thionyl chloride was evaporated under reduced
pressure to give a corresponding alkoxybenzoyl chloride as crude
yellow oil, which was used in all the following reactions without further
purification.
Suitable amine (0.5 mmol) and anhydrous triethylamine (1 mmol)

were dissolved in dry CH2Cl2 (5 mL). The mixture was cooled on ice
and treated dropwise (during 5 min) with a solution of previously
prepared alkoxybenzoyl chloride in dry CH2Cl2 (2 mL) at 0 °C. The
reaction mixture was stirred at room temperature for 3 h and
monitored by TLC. Then, the reaction mixture was concentrated
under reduced pressure, and the residue was chromatographed using a
mixture of petroleum ether and acetone (v/v = 20:1) to give target
compounds.
All the compounds were fully characterized by LC-MS and NMR

(1H and 13C) (see Supporting Information).
N-Isopropyl-3-(cyclopentyloxy)-4-methoxybenzamide (10a).

Yield: 64%. 1H NMR (400 MHz, CDCl3) δ 7.40 (s, 1H), 7.21 (d, J
= 8.3 Hz, 1H), 6.84 (d, J = 8.3 Hz, 1H), 5.84 (d, J = 6 Hz, 1H), 4.90−
4.77 (m, 1H), 4.31−4.22 (m, 1H), 3.88 (s, 3H), 2.03−1.93 (m, 2H),
1.92−1.77 (m, 4H), 1.63−1.56 (m, 2H), 1.25 (s, 3H), 1.27 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 166.38, 152.76, 147.79, 127.69,
118.99, 114.28, 110.99, 80.78, 56.13, 41.88, 32.83, 24.05, 22.94. ESI-
MS (m/z): 300.7 ([M + Na]+), 278.7 ([M + H]+). Anal. Calcd for
C16H23NO3: C, 69.29; H, 8.36; N, 5.05. Found: C, 69.01; H, 8.09; N,
5.29.

N-Propyl-3-(cyclopentyloxy)-4-methoxybenzamide (10b). Yield:
95%. 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 2.0 Hz, 1H), 7.23
(dd, J = 8.3, 2.1 Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H), 6.06 (s, 1H), 4.88−
4.83 (m, 1H), 3.88 (s, 3H), 3.44−3.37 (m, 2H), 1.98−1.81 (m, 6H),
1.68−1.59 (m, 4H), 0.99 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz,
CDCl3) δ 167.22, 152.79, 147.80, 127.60, 119.06, 114.25, 111.07,
80.77, 56.13, 41.79, 32.83, 24.05, 23.04, 11.46. ESI-MS (m/z): 316.9
([M + K]+), 301.0 ([M + Na]+), 278.9 ([M + H]+). Anal. Calcd for
C16H23NO3: C, 69.29; H, 8.36;N, 5.05. Found: C, 68.95; H, 8.07; N,
5.23.

N-Butyl-3-(cyclopentyloxy)-4-methoxybenzamide (10c). Yield:
55%. 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 1.8 Hz, 1H), 7.23
(dd, J = 8.3, 1.9 Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H), 6.06 (s, 1H), 4.90−
4.80 (m, 1H), 3.88 (s, 3H), 3.48−3.40 (m, 2H), 2.03−1.77 (m, 6H),
1.66−1.54 (m, 4H), 1.47−1.36 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H). 13C
NMR (101 MHz, CDCl3) δ 167.17, 152.79, 147.80, 127.61, 119.07,
114.28, 111.09, 80.78, 56.13, 39.83, 32.78, 31.94, 24.04, 20.20, 13.79.
ESI-MS (m/z): 314.7 ([M + Na]+), 292.7 ([M + H]+). Anal. Calcd for
C17H25NO3: C, 70.07; H, 8.65; N, 4.81. Found: C, 69.89; H, 8.47; N,
4.69.

N-Isopropyl-3-(cyclopropylmethoxy)-4-methoxybenzamide
(10d). Yield: 70%. 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 1.5 Hz,
1H), 7.23 (dd, J = 8.4, 1.5 Hz, 1H), 6.85 (d, J = 8.3 Hz, 1H), 5.82 (d, J
= 5.6 Hz, 1H), 4.32−4.22 (m, 1H), 3.92−3.89 (m, 4H), 1.41−1.31 (m,
2H), 1.26 (s, 3H), 1.25(s, 3H), 0.70−0.61 (m, 2H), 0.41−0.32 (m,
2H). 13C NMR (101 MHz, CDCl3) δ 166.30, 152.22, 148.59, 127.69,
119.25, 112.82, 110.76, 74.23, 56.10, 41.90, 22.94, 10.28, 3.42. ESI-MS
(m/z): 286.6 ([M + Na]+), 264.7 ([M + H]+). Anal. Calcd for
C15H21NO3: C, 68.42; H, 8.04; N, 5.32. Found: C, 68.34; H, 8.32; N,
5.09.

N-Propyl-3-(cyclopropylmethoxy)-4-methoxybenzamide (10e).
Yield: 52%. 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 2.0 Hz,
1H), 7.24−7.26 (m, 1H), 6.85 (d, J = 8.4 Hz, 1H), 6.06 (s, 1H), 3.92−
3.90 (m, 5H, CH3O+CH2O), 3.40 (dd, J = 13.4 Hz, 7.0 Hz, m, 2H),
1.68−1.58 (m, 2H), 1.36−1.31 (m, 1H), 0.98 (t, J = 7.4 Hz, 3H),
0.67−0.62 (m, 2H), 0.36 (dd, J = 10.4 Hz, 4.8 Hz, 2H). 13C NMR
(101 MHz, CDCl3) δ 167.14, 152.24, 148.60, 127.57, 119.27, 112.81,
110.80, 74.21, 56.10, 41.80, 23.04, 11.45, 10.27, 3.43. 13C NMR (100
MHz, CDCl3) δ 166.1, 151.2, 147.6, 126.5, 118.2, 111.8, 109.8, 73.2,
55.1, 40.8, 22.1, 10.4, 9.2, 2.4. ESI-MS (m/z): 264.6 ([M + H]+). Anal.
Calcd for C15H21NO3: C, 68.42; H, 8.04; N, 5.32. Found: C, 68.23; H,
8.23; N, 5.01.

N-Butyl-3-(cyclopropylmethoxy)-4-methoxybenzamide (10f).
Yield: 51%. 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 2.0 Hz,
1H), 7.25 (dd, J = 8.4, 2.0 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 6.04 (s,
1H), 3.91−3.89 (m, 5H), 3.46−3.41(m, 2H), 1.61−1.58 (m, 2H),
1.44−1.38 (m, 2H), 1.35−1.29 (m, 1H), 0.96 (t, J = 7.4 Hz, 3H),
0.69−0.61 (m, 2H), 0.40−0.32 (m, 2H). 13C NMR (101 MHz,
CDCl3) δ 167.10, 152.24, 148.60, 127.57, 119.27, 112.82, 110.80,
74.22, 56.10, 39.83, 31.89, 20.20, 13.79, 10.27, 3.42. ESI-MS (m/z):
278.6 ([M + H]+). Anal. Calcd for C16H23NO3: C, 69.29; H, 8.36; N,
5.05. Found: C, 69.40; H, 8.67; N, 4.94.

N-Isopropyl-3-(cyclopentyloxy)-4-(difluoromethoxy)-benzamide
(10g). Yield: 74% 1H NMR (400 MHz, CDCl3) δ 7.50 (s, 1H), 7.16−
7.12 (m, 2H), 6.58 (t, J = 75.4 Hz, 1H), 5.87 (d, J = 6.0 Hz, 1H),
4.91−4.88 (m, 1H), 4.31−4.22 (m, 1H), 1.97−1.89 (m, 4H), 1.85−
1.76 (m, 2H), 1.68−1.63 (m, 2H), 1.27 (s, 3H), 1.26 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ 165.81, 149.87, 143.20, 133.48, 122.33,
118.62 (−CHF2), 118.15, 116.03 (−CHF2), 114.81, 113.45 (−CHF2),
81.03, 42.15, 32.81, 23.88, 22.84. ESI-MS (m/z): 336.9 ([M + Na]+),

Table 5. Pharmacokinetic Profile of PDE4 Inhibitor 10j in Mice/Rats

CL
(L h−1 kg−1) Vss (L kg−1)

MRT(0−∞)
(h) AUC(0−t) (ng·h/L) AUC(0−∞) (ng·h/L) Cmax (ng/L) T1/2 (h) Tmax (h)

route iv
(1 mg/kg)

2.70 ± 0.16 4.38 ± 1.06 0.57 ± 0.09 367 ± 22.72 371.29 ± 22.73 857.77 ± 36.27 1.13 ± 0.28 0.083 ± 0.00

MRT(0−∞) (h) AUC(0−t) (ng·h/L) AUC(0−∞) (ng·h/L) Cmax (ng/L) T1/2 (h) Tmax (h) F (%)

route po (5 mg/kg) 5.44 ± 1.76 6.82 ± 1.53 22.81 ± 5.34 5.60 ± 1.42 3.69 ± 1.17 0.194 ± 0.096 1.23 ± 0.29
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314.9 ([M + H]+). Anal. Calcd for C16H21F2NO3: C, 61.33; H, 6.76;
N, 4.47. Found: C, 61.59; H, 6.70; N, 4.62.
N-Propyl-3-(cyclopentyloxy)-4-difluoromethoxybenzamide (10h).

Yield: 83% 1H NMR (400 MHz, CDCl3) δ 7.50 (s, 1H), 7.18−7.13
(m, 2H), 6.58 (t, J = 75.2 Hz, CHF2, 1H), 6.09 (s, 1H), 4.91−4.87 (m,
1H), 3.44−3.38 (m, 2H), 2.00−1.78 (m, 6H), 1.67−1.59 (m, 4H),
0.99 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.61,
149.88, 143.17, 133.37, 122.38, 118.61 (−CHF2), 118.16, 116.02
(−CHF2), 114.76, 113.44 (−CHF2), 81.01, 41.92, 32.80, 23.88, 22.95,
11.43. ESI-MS (m/z): 336.7 ([M + Na]+), 314.7 ([M + H]+). Anal.
Calcd for C16H21F2NO3: C, 61.33; H, 6.76; N, 4.47. Found: C, 61.57;
H, 6.92; N, 4.53.
N-Butyl-3-(cyclopentyloxy)-4-difluoromethoxybenzamide (10i).

Yield: 75%. 1H NMR (400 MHz, CDCl3) δ 7.50 (s, 1H), 7.17−7.13
(m, 2H), 6.58 (t, J = 75.2 Hz,1H), 6.06 (s, 1H), 4.91−4.87 (m, 1H),
3.47−3.42 (m, 2H), 2.01−1.86 (m, 4H), 1.86−1.75 (m, 2H), 1.68−
1.62 (m, 2H), 1.61−1.56 (m, 2H), 1.46−1.37 (m, 2H), 0.96 (t, J = 7.2
Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.57, 149.88, 143.20,
133.37, 122.38, 118.61 (−CHF2), 118.14, 116.02 (−CHF2), 114.76,
113.44 (−CHF2), 81.00, 39.96, 32.80, 31.78, 23.87, 20.18, 13.77, 0.00.
ESI-MS (m/z): 350.7 ([M + Na]+), 328.7 ([M + H]+). Anal. Calcd for
C17H23F2NO3: C, 62.37; H, 7.08; N, 4.28. Found: C, 62.40; H, 6.80;
N, 4.41.
N-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benza-

mide (10j). Yield: 82%. 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J =
0.4 Hz, 1H), 7.20−7.15 (m, 2H), 6.68 (t, J = 75.2 Hz,1H), 5.88 (d, J =
6.0 Hz, 1H), 4.31−4.21 (m, 1H), 3.93 (d, J = 6.8 Hz, 2H), 1.33−
1.30(m 1H), 1.27 (s, 3H), 1.25 (s, 3H), 0.68−0.62 (m, 2H), 0.38−
0.34 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 165.68, 150.62, 142.60,
133.41, 122.05, 118.58 (−CHF2), 118.47, 115.88 (−CHF2), 113.80,
113.29 (−CHF2), 74.09, 42.12, 22.81, 10.06, 3.23. ESI-MS (m/z):
322.9 ([M + Na]+), 300.9 ([M + H]+). Anal. Calcd for C15H19F2NO3:
C, 60.19; H, 6.40; N, 4.68. Found: C, 60.46; H, 6.64; N, 4.83.
N-Propyl-3-(cyclopropylmethoxy)-4-difluoromethoxybenzamide

(10k). Yield: 83%. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 1.6 Hz,
1H), 7.21−7.15 (m, 2H), 6.68 (t, J = 75.2 Hz,1H), 6.11 (s, 1H), 3.93
(d, J = 6.8 Hz, 2H), 3.43−3.38 (m, 2H), 1.68−1.59 (m, 2H), 1.32−
1.28 (m, 1H), 0.99 (t, J = 7.6 Hz, 3H), 0.68−0.63 (m, 2H), 0.38−0.34
(m, 2H). 13C NMR (101 MHz, CDCl3) δ 166.56, 150.63, 142.63,
133.27, 122.08, 118.62, 118.47, 115.88, 113.80, 113.29, 74.08, 41.91,
22.91, 11.43, 10.06, 3.23. ESI-MS (m/z): 322.8 ([M + Na]+). Anal.
Calcd for C15H19F2NO3: C, 60.19; H, 6.40; N, 4.68. Found: C, 60.38;
H, 6.58; N, 4.87.
N-Butyl-3-(cyclopropylmethoxy)-4-(difluoromethoxy)benzamide

(10l). Yield: 73%. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 1.6 Hz,
1H), 7.21−7.15 (m, 2H), 6.68 (t, J = 75.2 Hz,1H), 6.09 (s, 1H), 3.93
(d, J = 6.8 Hz, 2H), 3.47−3.41 (m, 2H), 1.63−1.56 (m, 2H), 1.46−
1.36 (m, 2H), 1.33−1.26 (m, 1H), 0.96 (t, J = 7.4 Hz, 3H), 0.69−0.61
(m, 2H), 0.38−0.33 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 166.55,
150.62, 142.64, 133.23, 122.07, 118.63 (−CHF2), 118.47, 115.88
(−CHF2), 113.80, 113.29 (−CHF2), 74.08, 39.98, 31.72, 20.16, 13.77,
10.06, 3.23. Negative ESI-MS(m/z): 312.8 ([M − H]−). Anal. Calcd
for C16H21F2NO3: C, 61.33; H, 6.76; N, 4.47. Found: C, 61.49; H,
6.95; N, 4.59.
N-Octyl-3-(cyclopentyloxy)-4-difluoromethoxybenzamide (10m).

Yield: 65%. 1H NMR (400 MHz, CDCl3) δ 7.53−7.47 (m, 1H), 7.18−
7.11 (m, 2H), 6.58 (t, J = 75.3 Hz, 1H), 6.06 (s, 1H), 4.93−4.85 (m,
1H), 3.51−3.33 (m, 2H), 1.98−1.77 (m, 6H), 1.70−1.55 (m, 4H),
1.41−1.26 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz,
CDCl3) δ 166.58, 149.80, 143.13, 143.10, 143.07, 133.30, 122.35,
118.58 (−CHF2), 118.17, 116.00 (−CHF2), 114.66, 113.42 (−CHF2),
80.90, 40.28, 32.77, 31.80, 29.67, 29.30, 29.22, 27.03, 23.87, 22.65,
14.09. ESI-MS (m/z):406.5 ([M + Na]+),384.5 ([M + H]+). Anal.
Calcd for C21H31F2NO3: C, 65.77; H, 8.15; N, 3.65. Found: C, 65.49;
H, 8.01; N, 3.34.
N-Octyl-3-(cyclopropylmethoxy)-4-difluoromethoxybenzamide

(10n). Yield: 76%. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 1.4 Hz,
1H), 7.21−7.14 (m, 2H), 6.68 (t, J = 75.2 Hz, 1H), 6.08 (s, 1H), 3.93
(d, J = 6.9 Hz, 2H), 3.47−3.40 (m, 2H), 1.65−1.56 (m, 2H), 1.42−
1.26 (m, 11H), 0.88 (t, J = 6.9 Hz, 3H), 0.68−0.62 (m, 2H), 0.38−

0.33 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 166.54, 150.63, 142.68,
142.64, 142.61, 133.22, 122.09, 118.64, 118.48 (−CHF2), 115.89
(−CHF2), 113.85, 113.30 (−CHF2), 74.10, 40.32, 31.80, 29.66, 29.29,
29.21, 27.02, 22.65, 14.09, 10.06, 3.25. Negative ESI-MS (m/z): 368.6
([M − H]−). Anal. Calcd for C20H29F2NO3: C, 65.02; H, 7.91; N,
3.79. Found: C, 64.88; H, 7.73; N, 3.67.

N,N-Diethyl-3-cyclopentyloxy-4-difluoromethoxybenzamide
(10o). Yield: 87%. 1H NMR (400 MHz, CDCl3) δ 7.15 (d, J = 8.4 Hz,
1H), 6.98 (d, J = 2.0 Hz, 1H), 6.89 (dd, J = 8.0, 1.8 Hz, 1H), 6.54 (t, J
= 75.2 Hz, 1H), 4.84−4.79 (m, 1H), 3.54−3.29 (m, 4H), 1.93−1.84
(m, 4H), 1.84−1.77 (m, 2H), 1.69−1.60 (m, 2H), 1.19 (s, 6H). 13C
NMR (101 MHz, CDCl3) δ 170.39, 149.69, 141.41, 135.41, 122.75,
118.77 (−CHF2), 118.60, 116.19 (−CHF2), 113.61 (−CHF2), 113.54,
80.83, 32.80, 23.87. ESI-MS (m/z): 350.9 ([M + Na]+), 329.0 ([M +
H]+). Anal. Calcd for C17H23F2NO3: C, 62.37; H, 7.08; N, 4.28.
Found: C, 62.43; H, 7.15; N, 4.09.

N,N-Diethyl-3-cyclopropylmethoxy-4-difluoromethoxybenza-
mide (10p). Yield: 92%. 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J =
8.4 Hz, 1H), 6.98 (d, J = 2 Hz, 1H), 6.92 (dd, J = 8.0 Hz, 1H), 6.64 (t,
J = 75.4 Hz, 1H), 3.88 (d, J = 7.2 Hz, 2H), 3.50−3.25 (m, 4H), 1.33−
1.27 (m, 1H), 1.19 (s, 6H), 0.67−0.62 (m, 2H), 0.37−0.33 (m, 2H).
13C NMR (100 MHz, CDCl3) δ 170.3, 150.6, 141.0, 135.5, 122.4,
118.9, 118.7 (−CHF2), 116.1 (−CHF2), 113.5 (−CHF2), 113.0, 74.0,
13.5, 10.1, 3.2. ESI-MS (m/z): 314.9 ([M + H]+). Anal. Calcd for
C16H21F2NO3: C, 61.33; H, 6.76; N, 4.47. Found: C, 61.56; H, 6.92;
N, 4.71.

Pharmacology. In Vitro Assay of Compounds for the Inhibition
of PDEs. Materials. Compounds 10a−p were dissolved in DMSO and
stored as stock solutions (100 mM) at −20 °C. For experimental use,
all the compounds were prepared from stock solutions, diluted with
growth medium, and used immediately. Fluorescamine (FAM)−cyclic-
3′,5′-AMP and IMAP binding reagent were purchased from Molecular
Devices Inc. PDE4CAT and other PDEs were purchased from SB
Drug Discovery Inc. and BPS Bioscience Inc., respectively.

Assay. A standard PDE assay was conducted. All of our assays used
a substrate concentration below the Km determined for each enzyme
such that Ki = IC50. Our assay utilized IMAP technology (Molecular
Devices), which is based on high-affinity binding of phosphate by
immobilized metal coordination complexes on nanoparticles. The
binding reagent complexes with phosphate groups on nucleotide
monophosphate were generated from cyclic nucleotides (cAMP/
cGMP) through PDEs. Binding induces a change in the rate of
molecular motion of the phosphate-bearing molecule and results in
increased fluorescence polarization observed for the fluorescent label
attached to the substrate. These assays were carried out as described
previously.51 All enzymatic reactions were conducted at 25 °C for 60
min. The 50 μL reaction mixture contains 40 mM MOPS, pH 7.5, 0.5
mM EDTA, 15 mM MgCl2, 0.15 mg/mL BSA, 1 mM DTT, 0.05%
Proclin 200, 15 ng/mL PDE4CAT, and 100 nM FAM-cyclic-3′,5′-
AMP. The compounds were diluted in 10% DMSO, and 5 μL of the
dilution was added to a 50 μL reaction mixture to obtain a 1% final
concentration of DMSO in all the reactions. The reaction mixture was
incubated at 25 °C for 1 h followed by addition of 100 μL of diluted
binding agent to each well, and then incubated at 25 °C for 1 h with
slow shaking. The fluorescence polarization of the sample used an
excitation filter of 360 nm and an emission filter of 480 nm. The
percentage of inhibition was calculated using the following formula: %
activity = [(FPdrug − FPcontrol)/(FPenzyme − FPcontrol)] × 100%. The
IC50 values were calculated using nonlinear regression with normalized
dose−response fit using Prism GraphPad software.

Western Blotting Analysis. BV-2 cells were obtained from Sun Yat-
sen University (Guangzhou, China). Cells were plated at a density of 1
× 106 in 6-well microculture plates and grown at 37 °C, with 90%
humidity and 5% CO2 in DMEM with high glucose supplemented
with 10% FBS and antibiotics. Twenty-four hours later, the original
medium was removed, DMEM medium without serum (900 μL) was
added, and the culture was incubated for 1 h, then different
concentrations (50, 200, and 800 μM) of drugs (100 μL) were
added, respectively. After 1 h, LPS (10 μg/mL, 111 μL) was added to
drug-treated and LPS-control group. After 24 h incubation, the cells
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were lysed and centrifuged, and the supernatant was collected to
analyze the total protein using BCA assay kit. Samples were then
separated by electrophoresis in 10−15% sodium dodecyl sulfate-
polyacrylamide gels and transferred to poly(vinylidene difluoride)
(PVDF) membranes. Membranes were incubated with 5% nonfat milk
for 2 h at room temperature to block nonspecific bindings. After
washing, membranes were incubated with the respective primary
antibodies for rabbit anti-TNF-α (1:1000, Millipore, USA), anti-iNOS
(1:1000, CST, Danvers, MA, USA), and anti-COX-2 (1:1000, CST,
Danvers, MA, USA) at 4 °C overnight. The membranes were washed
three times with TBST and incubated with secondary antibodies
(1:5000, Fdbio science, China) for 1 h at room temperature. After
washing three times with TBST, the bands were detected using
enhanced chemiluminescence (ECL), visualized using a Kodak Digital
Science ID, and quantified by the software ImageJ 6.0.
In Vivo Antidepressant Behavioral Evaluation of Compound 10j.

Animals. Male C57BL/6 mice aged 7−9 weeks and weighing 18−22 g
were purchased from the Laboratory Animal Centre of Southern
Medical University (Guangzhou, China). After acclimation for 1 week,
the animals were used for the experiments. The animals were housed
at 22 ± 1 °C under a 12:12 h light/dark cycle, with free access to
standard food pellets and water. The experiments were conducted in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The experiments were approved by
the Laboratory Animal Ethics Committee of Southern Medical
University.
Materials. Compound 10j was dissolved in a small amount of

DMSO and then in 0.9% saline. DMSO (5%) in saline (0.9%) was
used as a control. Drugs were administered by injecting the doses
indicated. Male C57BL/6 mice were randomly divided into five groups
(n = 8/group): vehicle (DMSO in 0.9% saline), compound 10j-treated
(0.2, 0.4, and 0.8 mg/kg), and rolipram-treated (0.5 mg/kg, positive
control) groups. All experiments were started at 8:00 a.m. and are
briefly detailed here.
Mice were administered treatments by intraperitoneal injection.

Vehicle group was treated with solvents, while the other treatment
groups were treated with the corresponding dose of compound 10j or
rolipram. After 0.5 h, open field test, TST, and FST were conducted.
Open Field Test.52 Each animal was individually placed in the center

of the open field arena (60 × 60 × 35 cm3). The ambulation scores
(number of squares crossed) and rears (with both front paws raised
from the floor) were recorded over a 5 min period with a video camera
placed above the apparatus. In order to avoid interference, the
apparatus was sprayed with alcohol and wiped thoroughly to eliminate
residual odor after each test.
Tail-Suspension Test (TST).30 Each individual mouse was

suspended 40 cm above the table top using adhesive tape placed
approximately 1.5 cm from the tip of the tail. The duration of
immobility was recorded for 6 min. Immobility was defined as the
absence of all movement except respiration.
Forced-Swim Test (FST).30 Mice were placed individually in a

plastic cylinder (45 cm high × 20 cm diameter) filled with water (23−
24 °C; 28 cm in depth), allowing free swimming. The duration of the
test was 6 min. The behavior was evaluated by a trained investigator.
Immobility was defined as the absence of all movement except for
minor movements required for the mouse to keep its head above the
surface.
Statistical Analysis. Statistical analysis was performed and figures

were produced using Prism 5 for Windows (Graph-Pad Software, Inc.,
San Diego, CA, USA). Data were expressed as mean ± standard error
of mean (SEM). All data were analyzed using one-way analysis of
variance (ANOVA) followed by Bonferroni’s Multiple Comparison
tests for post hoc analyses between the groups, with the exception of
MWM acquisition trial data, which were analyzed by two-way
repeated-measures ANOVA. Results were considered statistically
significant when p < 0.05.
Ketamine/Xylazine-Induced Anesthesia. According to a previously

described method,50,53 which was modified by us, compound 10j
(FCPR03) (0.5, 1.0, and 1.5 mg/kg) or rolipram (0.5 mg/kg, a
reference drug) was intragastrically administrated into 8−12-week-old

male C57BL/6 mice 15 min prior to an intraperitoneal injection of
ketamine (70 mg/kg)/xylazine (10 mg/kg). The vehicle (control) for
FCPR03 or rolipram was a mixture of 5% DMSO, 20% β-cyclodextrin,
and 6% polyoxyethylene 8 stearate dissolved in saline. After loss of the
righting reflex (righting reflex is defined as when an animal placed on
its back spontaneously righted itself to a prone position), the duration
of anesthesia was measured until return of righting reflex as the end
point. It is a common method to estimate the emetic potential of
PDE4 inhibitors in rodents that do not have a vomiting reflex.

Effects of Compound 10j on Emesis in Beagle Dogs. Materials.
Compound 10j and rolipram were dissolved in aqueous solution of
carboxymethylcellulose sodium (CMC-Na, 0.5%).

Assay. Eleven beagle dogs were randomly divided into three groups
each time, vehicle group (aqueous solution of CMC-Na (0.5%)),
compound 10j-treated (0.8 mg/kg) group, and rolipram-treated (0.8
mg/kg) group. The dogs were dosed by oral route with a volume of 1
mL/kg. After oral dosing, the animals were monitored continuously
for 3 h. The incidence rate of emesis (%, the number of animals
showing emesis per number of animals tested at the respective dose)
and the latency of emesis (min) were recorded.

Pharmacokinetics Analysis. Pharmacokinetic properties of com-
pound 10j were assessed by HDBioscieces and Medicilon Companies,
Shanghai, China. Six male SD rats with body weight of 237−267 g
were purchased from Shanghai SIPPR-BK LAB Animal Ltd., Shanghai,
China, and used for the pharmacokinetic analysis of 10j. Compound
10j was dissolved in 5% DMSO, 40% PEG400, and 55% saline for
intravenous administration (iv) and oral administration (po). Final
dosages of 1 mg/kg (iv) and 5 mg/kg (po) of the formulated
compounds was administrated in mouse and rat, and the blood
samples were taken at various time points in 24 h. The concentration
of the compound in blood was analyzed by LC−MS/MS (Shimadzu
liquid chromatographic system and API4000 mass spectrometer,
Applied Biosystems, Ontario, Canada).

Molecular Docking. Molecular docking was performed with
Surflex-Dock program interfaced with Sybyl 7.3. The programs
adopted an empirical scoring function and a patented search
engine.54,55 Ligand was docked into the corresponding protein-
binding site guided by protomol, which is an idealized representation
of a ligand that makes every potential interaction with the binding site.
In this work, the protomol was established by ligand from the crystal
structure of PDE4D (PDB entry 3G4K).28 Docking was initiated by
removing all ligands followed by addition of random hydrogen atoms.
The receptor structure was minimized in 10 000 cycles with Powell
method in Sybyl 7.3. All the compounds were constructed using a
sketch molecular module. Hydrogen and Gasteiger−Hückel charges
were added to each molecule. Water molecules conserved in PDE4D
structures deposited into PDB were considered for calculations. Their
geometries were optimized by conjugate gradient method in TRIPOS
force field. The energy convergence criterion was 0.001 kcal/mol.
Default values were selected to complete this work except that the
threshold was 1 when the protomol was generated.

To validate docking reliability, the cocrystallized ligand (rolipram)
was removed from the active site and docked back into the known
binding pocket. The root-mean-square deviation (RMSD) between
the predicted conformation and the actual conformation from the
crystal structure of ligand was 1.29 Å, which was smaller than the
resolution of X-ray crystallography 1.95 Å.28 Thus, the parameters set
for this Surflex-dock simulation successfully reproduced the ligand-
binding motif in the X-ray structure and were extrapolated to predict
the binding conformations of the synthesized inhibitors.
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(N-morpholino)propanesulfonic acid; NMR, nuclear magnetic
resonance; PDEs, phosphodiesterases; PDE4, phosphodiester-
ase 4; PDE4CAT, the core catalytic domains of human PDE4;
SOCl2, sulfurous dichloride; TBST, Tris-buffered saline with
Tween 20; TEA, triethylamine; TLC, thin-layer chromatog-
raphy; TNF-α, tumor necrosis factor-alpha; TST, tail
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